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SECTION  I 


INTRODUCTION  AND  SUMMARY 


1.1  INTRODUCTION 

The  objective  of  this  study  program  is  to  establish  and  validate 
new  concepts  in  the  electrical  and  mechanical  design  of  solid  state 
power  controllers  used  in  EMUX  systems.  This  study  includes  trade 
off  analysis  and  circuit  configurations  applicable  to  SSPC's  mount- 
ed in  individual  containers  and  on  printed  circuit  cards,  includ- 
ing single  phase,  multiple  load  SSPC's  and  three  phase  SSPC's.  A 
functional  block  diagram  of  custom  MSI  chips  universally  adaptable 
for  the  various  SSPC  circuit  configurations  is  established. 

Section  II  contains  the  SSPC  circuit  analysis  and  trade  studies  per- 
formed by  Telephonies.  Section  III  contains  proposed  SSPC  system 
configuration  and  recommendations  from  data  evaluated  in  Section  II 
and  Appendices  A and  B. 

Appendix  A contains  the  interim  report  from  Douglas  Aircraft  Com- 
pany and  Appendix  B contains  the  interim  report  from  the  Vought 
Corporation.  They  provided  pertinent  characteristics  of  the  air- 
craft power  systems  and  proposed  load  centers.  This  ensures  the 
specification  of  realistic  requirements  for  the  SSPC'S.  Douglas 
Aircraft  Company  was  selected  as  a team  member  in  this  study  for 
their  expertise  in  the  overall  requirements  of  aircraft  electrical 
and  power  management  systems.  In  addition  to  the  Telephonies/ 
Douglas  team,  the  Vought  Corporation  provided,  under  a subcontract 
agreement,  the  specialized  capabilities  in  the  area  of  electrical 
systems  and  EMUX  requirements  unique  to  fighter  aircraft. 


1 


1.2  SUMMARY 

The  SSPC  provides  the  on/off  control  and  overload  protection  func- 
tion traditionally  handled  by  a relay/circuit-breaker  combination. 
It  has  the  advantages  of  small  size,  low  weight  and  high  reliabil- 
ity associated  with  solid  state  devices. 

The  SSPC  will  enable  reduced  power  distribution  system  bus  length 
and  weight,  achieved  by  placing  the  SSPC's  near  loads  and  employ- 
ing remote  low  voltage  multiplexed  control  signals.  Loads  are 
activated  only  at  zero  voltage  points  and  deactivated  at  zero 
current  points  for  elimination  of  switching  transients  and  EMI 
problems . 

The  SSPC  also  provides  increased  reliability  and  chatter  free  oper- 
ation due  to  the  use  of  solid  state  rather  than  mechanical  compo- 
nents. This  is  of  special  importance  for  the  high  vibration  level 
environments  encountered  on  aircrafts.  The  overall  functional  re- 
quirements of  the  SSPC  are  to  permit  on/off  control  of  the  power  to 
a load  while  providing  protection  for  the  aircraft  wiring  against 
shorts  and  other  high  current  abnormalities.  A fail  safe  fuse  is 
included  in  case  a short  occurs  and  a component  failure  prohibits 
turn-off  of  the  SSPC.  The  SSPC  will  also  properly  interface  with 
a multiplexed  power  management  system  (EMUX) . This  includes  isola- 
tion between  the  control  and  BIT  circuits. 

Low  cost  and  high  reliability  are  achieved  by  using  MSI/hybrid 
construction  techniques. 


Monolithic  array  integrated  circuit  chips  containing  the  timing, 
logic  function,  load  current  trip  amplifier  and  preliminary  drive 
circuits,  that  can  be  adapted  for  use  with  either  a transistor  or 
SCR  pass  section,  are  proposed.  The  monolithic  array  device  is  a 

’ 

special  custom  made  LSI/MSI  integrated  circuit  which  can  be  uti- 
lized for  different  types  of  power  controllers. 

The  circuitry  is  partitioned  into  functional  blocks  which  individu- 
ally could  be  used  as  needed  in  the  various  configurations,  1J3, 

3j 0,  AC,  DC,  etc.  This  would  lower  cost  since  production  quanti- 
ties would  be  increased. 

The  proposed  SSPC  design  provides  low  "on"  power  dissipation  by 
minimizing  the  drive  requirements  for  the  power  elements,  using 
VMOS  FET  drivers  and  the  load  current  itself  for  drive  current. 

In  order  to  maintain  compatibility  with  all  kinds  of  loads  the 
proposed  SSPC  will  utilize  instant  trip  rather  than  current  limit- 
ing. Above  1000%  overload  the  proposed  SSPC  will  current  limit 
and  "instant  trip".  This  will  maintain  compatibility  with  stiff 
power  generators  and  minimize  the  energy  requirements  for  the 
fail  safe  fuse  supplied  with  the  SSPC.  In  addition,  the  pulsed 
energy  supplied  to  the  load  is  also  minimized. 

Full  cycle  control  will  be  used  (turn  on  and  turn  off  at  the  same 
point  in  the  cycle).  This  will  eliminate  the  possibility  of  satu- 
rating inductive  loads  and  causing  nuisance  trips.  Also  to  maintain 
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load  compatibility  and  proper  dynamic  characteristics,  large  in- 
rush currents  up  to  1000%  without  tripping  the  SSPC  will  be  al- 
lowed . 

A two  wire  system  is  proposed  to  minimize  the  number  of  wires  sup- 
plying command  and  operating  status  between  the  SSPC  and  the  EMUX 
system . 

In  addition  to  the  configuration  proposed  above,  two  other  SSPC 
configurations  are  recommended  for  design,  fabrication  and  evalua- 
tion in  Phase  II  of  this  study  program.  These  are  a DC  SSPC  and 
a 3)3,  4 wire  SSPC,  both  described  in  Section  II  of  this  report. 

The  proposed  ratings  are  5 amps,  400  Hz,  115  VAC  for  the  AC  SSPC'S 
and  5 amps  for  the  28  volt  DC  SSPC. 

1.2.1  SUMMARY  OF  THE  DOUGLAS  INTERIM  REPORT 
The  Douglas  interim  report  provided  background  information  and 
trade-studies  on  large  frame  aircraft  load  types  and  distribution, 
location  of  the  load  management  centers  and  a comprehensive  analy- 
sis of  the  normal  steady-state  and  fault  currents  available  from 
large  aircraft  power  systems.  The  aircraft  (C15-model)  power  sys- 
tem requirements  were  specified  as  115/200V,  3 phase,  400  Hz  and 
28  VDC  conforming  to  MIL-STD-704B . It  was  also  specified  that  the 
power  management  system  (EMUX)  must  have  sufficient  redundancy  to 
accept  two  failures  without  terminating  primary  power.  SSPC  opera- 
tional requirements,  safety  and  environmental  requirements  were 
outlined  in  the  report.  The  ambient  temperature  for  the  SSPC's 
and  associated  circuits  was  given  as  -40°C  to  +49°C  and  is  much 
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less  stringent  than  that  given  for  fighter  aircraft  (-55°C  to 
+1 25°C ) . 

The  electrical  load  analysis  revealed  that ^the  ampere  rating  re- 
quirements ranged  from  0.5A  to  200A.  Power  controllers  with  rat- 
ings from  15A  to  200A  are  expected  to  be  RCCB's. 

The  electrical  system  fault  current  analysis  showed  that  fault 
currents  of  approximately  1600  amps  from  a 3 J0  power  bus  and  1200 
amps  from  a 1J8  power  bus  are  available  for  the  first  quarter  of  a 
cycle  during  a short  circuit  condition  and  750  amps  for  several 
cycles  for  both  1 J0  and  3J3  power  buses.  The  availability  of  such 
large  fault  currents  suggests  that  SCR  SSPC ' s would  require  some 
form  of  current  limiting  to  reduce  peak  currents  for  reliable 
operation. 

1.2.2  SUMMARY  OF  THE  VOUGHT  INTERIM  REPORT 

The  Vought  Interim  Report  provided  background  information,  design 
criteria,  using  the  A-7D  aircraft  as  a model,  for  SSPC  trade- 
studies  as  related  to  military  aircraft.  Among  the  SSPC  applica- 
tion factors  presented  were  the  aircraft  bus  characteristics,  SSPC 
Input/Output  interface  requirements,  SSPC  thermal  considerations, 
SSPC  cost  factors  and  single  channel  SSPC  module  configuration 
along  with  the  load  management  center.  Also  given  was  the  load 
character ization  for  electro-explosive  devices  (EED) , lamps,  motors 
and  transformers.  Tests  at  Telephonies  indicate  that  the  high  in- 
rush currents  specified  for  lamps  (up  to  28  times  the  steady-state) 
will  be  reduced  by  a factor  of  4 by  using  zero  voltage  turn  on 


*- 


(ZVTO) . Also,  that  the  back  EMF  generated  when  turning  off  motor 
loads  has  considerably  less  energy  to  be  fed  back  to  the  SSPC  or 
other  loads  when  zero  current  turn  off  (ZCTO)  is  used.  The  ambient 
temperature  specified  (-54°C  to  +125°C)  along  with  a heatsink  sur- 
face temperature  of  120°C  poses  severe  problems  with  components  de- 
signed to  operate  at  a maximum  of  +125°C,  since  an  extremely  low 
thermal  resistance  must  be  achieved  in  a very  small  package. 
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SECTION  II 


TRADE  STUDIES 


2.1  SYSTEM  DESIGN 

A general  functional  block  diagram  of  the  SSPC  is  shown  in  Figure  1. 
The  blocks  apply  to  all  types  of  single  phase  SSPC's.  Three  phase 
power  controllers  would  utilize  the  same  building  blocks  in  a dif- 
ferent configuration. 

The  on/off  control  signal  from  the  EMUX  demultiplexer  is  sent  to  an 
input  circuit  which  is  isolated  from  the  control  and  pass  section. 

It  includes  the  filtering  incorporated  to  provide  noise  immunity 
and  minimize  false  turn  on's.  The  control  block  includes  the  gen- 
eration of  the  trip  curve  as  well  as  the  preliminary  drive  circui- 
try for  the  pass  section.  It  accepts  the  current  sensor  output 
which  is  used  to  determine  when  the  trip  level  is  exceeded.  An  AC 
signal  from  the  transformer  in  the  internal  power  supply  is  used  to 
synchronize  to  the  voltage  waveform.  The  control  block  also  gener- 
ates the  status  signal  based  upon  receipt  of  the  full  voltage  or 
10%  load  current  signals  from  the  main  power  path.  The  control 
block  supplies  an  isolated  signal  for  the  output  circuits  which 
provide  status  and  trip  information  back  to  the  EMUX  terminal. 

The  pass  section  includes  the  main  power  section,  which  uses  either 
transistors  or  SCR's. 

2.2  PASS  SECTION  TRADE  STUDY 

The  two  most  significant  considerations  affectinr  the  design  of 
the  pass  section  are  selection  of  the  pass  element  and  the  circuit 
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configuration.  At  least  two  elements  (transistor  and  SCR),  and 
several  configurations  offer  attractive  features.  However,  even 
the  best  possible  pass  section  in  today's  state-of-the-art  is  far 
from  ideal,  and  a number  of  compromises  must  be  accepted.  An  ac- 
ceptable design  of  a reasonable  pass  section  should  have  the  follow- 
ing desirable  characteristics: 

a.  Low  leakage  current  in  OFF  state 

b.  Low  voltage  drop  in  ON  state 

c.  Simplicity  of  drive  circuit 

d.  High  voltage,  current,  and  energy  capability 

e.  Insensitivity  to  transients  from  both  source  and  load 

f.  Load  compatibility 

g.  Small  size 

h.  Minimum  number  of  components 

i.  Low  probability  of  failure  causing  half-waving 
2.2.1  PASS  ELEMENTS 

The  following  elements  were  considered  for  pass  elements: 

a.  Transistor  (bipolar) 

b.  SCR 

c.  Triac 

d.  GTO  (SCR  with  gate-turn-off) 

e.  FET 

The  advantages  and  disadvantages  of  each  device  were  examined  and  the 
results  are  shown  in  Table  1. 
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Table  1.  Pass  Section  Trade  Study 


2.3 


FETS 


Presently  power  VMOS  FETS  are  available  in  blocking  voltages  up  to 
only  90V  with  current  ratings  of  3A  peak  (2A  continuous) . These  de- 
vices are  rated  at  25  Watts  maximum  and  5°C/W  thermal  resistance 
junction-to-case.  In  the  3rd  Quarter  of  1978,  higher  power  devices 
will  be  available.  These  devices  will  be  rated  at  200V  and  400V 
with  maximum  pulsed  drain  currents  of  10  Amp  and  5A  respectively. 

The  maximum  power  dissipation  allowed  is  125  Watts  with  1°C/W  ther- 
mal resistance  junction-to-case.  The  maximum  junction  temperature 
is  limited  to  150°C  for  both  operating  and  storage.  The  saturated 
resistance  drain  to  source  (RDS)  is  quite  high  when  compared  to 
bipolar  transistors.  The  400V,  5 Amp  VMOS  power  FET  is  1.5ft  typi- 
cally and  2ft  maximum  measured  at  Ip  = 1 Amp.  The  devices  have  no 
secondary  breakdown  derating  and  are  not  thermally  limited.  They 
will  directly  interface  to  CMOS,  TTL,  DTL  and  MOS  logic  circuits. 

VMOS  FETS  are  recommended  for  use  as  a driver  for  both  the  SCR 
and  transistor  pass  sections  because  almost  no  power  is  required 
to  drive  them. 

2.4  GTO's 

Gate  Turn  Off  devices  (Gate  Controlled  SCR)  operate  at  much  lower 
cathode  current  densities  to  ensure  that  gate  control  can  be  main- 
tained to  turn  the  device  off.  Therefore,  for  high  currents  since 
paralleling  is  necessary,  the  GTO  is  not  economical  when  compared 
to  high  current,  high  voltage  transistors.  The  saturation  of  GTO 
devices  is  higher  than  comparable  transistor  devices  by  a 2 to  1 
factor.  The  maximum  current  rating  of  current  standard  devices 
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are  8.5A  rms  (RCA  G5000  Series).  The  turn  off  circuitry  for  a GTO 
device  must  supply  very  high  peak  current  (gate  source  impedance 
s=:lf2)  at  high  negative  voltage,  for  example  -70V  at  8.5  peak. 

The  typical  DC  holding  current  for  a 8.5A  device  is  500MA  (800  mA 
maximum) . 

2.5  TRIACS  & SCR's 

SCR  and  TRIAC  devices  are  available  with  current  ratings  up  to  200 
Amps  and  blocking  voltages  up  to  1200V.  For  400  Hertz  operation 
higher  commutating  capability  (di/dt  and  dv/dt)  is  required.  In 
order  to  achieve  proper  commutation  with  certain  inductive  loads, 
the  dv/dt  must  be  limited  by  a series  RC  circuit  across  the  devices. 

RC  networks  or  snubber  circuits  increase  off  state  leakage  current. 

The  resistor  and  capacitors  in  the  snubber  circuit  are  usually  phy- 

. 

sically  large  for  voltage  (>peak  line)  and  power  ratings,  making 
it  difficult  for  hybrid  packaging. 


If  the  device  breakover  voltage  (V^)  is  exceeded,  even  by  a 
short  transient,  a triac  device  will  switch  to  the  conducting 
state.  This  could  have  undesirable  or  hazardous  results  on  the 
circuit  being  controlled,  thus  transient  suppression  is  required. 

2.6  BIPOLAR  TRANSISTORS 

Power  transistors  are  available  that  will  meet  all  desirable  pass 
section  characteristics.  Units  are  available  with  very  high  cur- 
rent and  voltage  capabilities  that  are  suitable  for  SSPC's  up  to  10 
Amps.  Low  VCE  (sat)  can  be  obtained  from  single  diffused  devices. 
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however  substantial  base  drive  is  usually  required.  Triple  dif- 
fused Darlingtons  reduce  base  current  drive  requirements  but  VCE 
(sat)  is  2 to  3 times  higher  than  the  single  diffused  devices. 


ES/B  anc^  IS/B  r equirements  imposed  by  the  circuit  must  be  care- 
fully defined,  tested  and  specified  for  the  device  chosen.  For 
example:  If  a transistor  is  allowed  to  dissipate  energy  in  the 

VCE  (sustaining)  region,  the  manufacturer  of  the  transistor  should 
screen  devices  (at  least  on  an  AQL  sample  if  not  100%)  for  this 
capability.  Power  transistors  are  available  that  will  dissipate 
up  to  6 joules  of  energy;  however,  most  triple  diffused  devices 
mounted  in  a TO-3  case  will  handle  only  a few  hundred  millijoules. 


When  it  is  desirable  to  prevent  the  pass  transistor  from  ever  going 
into  the  sustaining  region,  some  type  of  voltage  clamp  circuit  or 
device  must  be  used.  Suitable  voltage  clamps  are  spark-gaps  and 

mu 

power  zeners  (TransZorbs  ) with  energy  disipating  capabilities 
from  1.5  to  60  joules. 


2.7  SUMMARY 

The  primary  advantages  and  disadvantages  of  these  devices  are  sum- 
marized as  follows: 

TRANSISTORS 

Advantages  Disadvantages 

a.  Provide  current  limiting  a.  Maximum  current  limited 

for  faults.  to  approximately  40  amps 

rms . (Single  unit  devices 
can  be  paralleled.) 
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TRANSISTORS  (Cont) 


Advantages 

b.  Can  be  turned  off  in  mid- 
cycle,  thereby  facilitating 
selection  of  fail-safe 
fuse  and  minimization 

of  energy  transfer  to 
words . 

c.  Non-regenerative  device, 
not  subject  to  spurious 
turn-on  from  line  transi- 
ents. 

d.  Low  OFF  state  leakage 
current. 

e.  Low  ON  state  forward 
voltage  drop. 


Disadvantages 

b.  Peak  energy  limited  to 
several  joules. 


c.  High  base  drive  needed 
for  high  collector  cur- 
rents. (This  base  drive 
can  be  supplied  by  a 
power  VMOS  FET) 


SCR's 

Advantages 

a.  High  voltage,  current, 
and  energy  capability. 

b.  Can  be  used  in  simple 
back-to-back  configura- 
tion. 


Disadvantages 

a.  Cannot  limit  fault  cur- 
rents. 

b.  Susceptible  to  nuisance 
turn-on  due  to  ^ limi- 
tations . 

c.  Possible  turn-on  and 
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turn-off  problems  with 
inductive  loads. 


SCR's  (Cont) 


Advantages 


Disadvantages 


d.  Inability  to  turn  off 

in  mid-cycle  makes  fail- 
safe fuse  difficult  to 
design  and  it  p mits  a 
relatively  large  energy 
pulse  to  be  applied  to 
the  load. 

e.  Possible  SCR  damage  due 

to  4r  limitation, 
dt 


TRIACS 


Advantages 

a.  Only  one  device  needed 
for  AC  operation 


Disadvantages 

a.  Same  as  SCR,  with  more 

severe  limitation, 
dt 


Larger  snubber  networks 
required  to  prevent 
nuisance  turn-on. 


GTO's 

The  GTO  is  an  SCR,  with  the  capability  of  being  turned  off  by  ap- 
plying a large  negative  voltage  to  the  gate.  However,  at  large 
currents,  the  required  turn-off  voltage  becomes  extremely  high 
(near  100  volts) . For  very  large  currents,  approaching  the  cur- 
rent rating  of  the  GTO  device,  it  cannot  be  turned  off  by  any  gate 
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voltage.  Thus,  for  large  currents,  the  GTO  offers  no  advantage 
over  the  SCR. 


FET's 


Advantages 


Control  is  by  voltage, 
rather  than  current, 
greatly  simplifying 


the  drive  circuit  re- 


quirements . 


Disadvantages 


Voltage  rating  limited 
to  200  volts,  which  is 
not  adequate.  (400  de- 
vices are  expected  late 
1978.) 


b.  No  secondary  breakdown. 


Current  limited  to  2 amps, 
which  is  not  adequate. 

(5  amp  devices  are  ex- 
pected late  1978. 


c.  No  offset  voltage 


From  these  characteristics,  a number  of  conclusions  are  evident: 

a.  The  FET  is  clearly  unsuitable  as  the  main  pass  element. 
However,  it  will  be  shown  that  the  FET  deserves  serious 
consideration  as  a predriver  for  the  main  pass  element. 


b.  The  GTO  offers  no  real  advantage  over  the  conventional 
SCR  at  this  time. 


c.  The  advantages  of  the  TRIAC  (single  unit,  ease  of  trigger- 
ing) do  not  appear  to  outweigh  the  disadvantage  (more  se- 
vere ^ problem),  with  respect  to  the  SCR.  That  is,  two 
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SCR's  in  a back-to-back  configuration  appear  to  be  favored 
over  a single  TRIAC. 


2.8  PASS  SECTION  CONFIGURATION 

The  four  basic  pass  section  configurations  are  shown  in  Figure  2. 
Many  other  configurations  are  conceivable,  but  experience  has  shown 
that  these  have  the  best  combination  of  features.  A brief  trade 
study  of  these  configurations  is  shown  in  Table  2.  The  configura- 
tions are  shown  in  their  most  elementary  forms,  without  base  drive, 
gate  drive,  current  sensing  resistors,  or  other  secondary  require- 
ments, which  are  discussed  later. 

The  substantial  power  loss  appears  to  be  adequate  reason  for  eli- 
minating the  full-wave  approaches  from  consideration,  for  the  5 
ampere  unit.  These  losses  are  as  follows: 


Voltage 

Power 

FW 

Transistor 

2.4V 

12.  OW 

BTB 

Transistor 

1.7V 

8.  5W 

FW 

SCR 

2.9  V 

14. 5W 

BTB 

SCR 

1.5  V 

7.5W 

Thus,  if  transistors  are  used,  full-wave  requires  an  extra  3.5 
watts,  and  if  SCR's  are  used,  full-wave  requires  an  extra  7 watts. 


Table  2 


Pass  Section  Configuration,  Trade  Study 


FULL-WAVE 

TRANSISTOR 

FULL-WAVE 

SCR 

BTB 

TRANSISTOR 

BTB 

SCR 

Number  of  Active  Devices 

1 

1 

2 

2 

Number  of  Diodes 

4 

4 

2 

0 

Voltage  Drop  at  5 Amps 
(Note  1) 

2.4V 

2.9V 

1.7V 

1.5V 

Trip  Current  Interrup- 
tion Capability 

Yes 

No 

Yes 

No 

Convenient  Zero-Voltage 
Turn-On 

No 

No 

Yes 

Yes 

Convenient  Zero-Current 
Turn-Off 

No 

Yes 

Yes 

Yes 

Inherent  Current  Limit- 
ting  Adaptability 
(requires  additional 
transistors) 

Yes 

No 

Yes 

No 

Drive  Circuit  Refer- 
enced to  single 

Yes 

Yes 

Yes 

No 

point 

Note  1:  Assume  vdjoDE  = °*7V'  ^TRANSISTOR  = 1,0V'  VSCR  * 1 • 


The  back-to-back  configurations,  either  transistor  or  SCR,  offer 
several  advantages  over  the  full-wave  circuits: 

a.  Lower  forward  voltage  drops,  and  therefore  lower  internal 
power  dissipation. 

b.  A convenient  means  for  obtaining  zero  voltage  turn-on 
and  zero  current  turn-off. 
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2.8.1 


ZERO  VOLTAGE  TURN  ON  AND  ZERO  CURRENT  TURN  OFF 


Zero  voltage  turn-on  (ZVTO)  and  zero  current  turn-off  (ZCTO)  are 
illustrated  in  Figure  3.  ZVTO  and  ZCTO,  along  with  full-cycle 
control,  provide  a number  of  desirable  features: 

a.  ZVTO  provides  a "soft  start"  for  capacitive  and  resis 
tive  loads,  and  generates  the  lowest  possible  ^ at 
turn-on. 

b.  ZCTO  provides  essentially  zero  ^ at  turn-off.  This 

minimizes  EMI,  and  protects  the  pass  element  from 
absorbing  the  stored  energy  in  an  inductive  load 
(1/2  LI2)  . 

c.  Full-cycle  control,  which  is  practical  only  with 
ZVTO  and  ZCTO,  provides  turn-on  only  on  the  positive- 
going edge  and  turn-off  at  the  same  place.  This  is 
important  for  certain  types  of  transformer  loads, 
which  have  considerable  residual  magnetic  flux  follow 
ing  turn-off.  If  full-cycle  control  is  not  used, 

the  result  on  the  next  turn-on  can  be  high  inrush 
currents  and  possible  nuisance  trips. 

A timing  diagram  showing  the  implementation  of  ZVTO,  ZCTO,  and 
full-cycle  control  is  shown  in  Figure  3.  The  diagram  applies 
equally  to  transistors  and  SCR's,  in  the  back-to-back  configura- 
tion. 

Consider  first  the  SCR  circuit.  The  asynchronous  control  input 
signal  is  received  by  the  SSPC.  The  P Control  signal  is  generated 
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as  shown,  synchronized  to  the  AC  line.  The  leading  and  trailing 
edges  of  the  P Control  signal  are  synchronized  such  that  they 
fall  approximately  in  the  middle  of  the  negative  half-cycle  of 
the  line.  The  P Control  signal  provides  continuous  gate  drive  to 
the  P SCR,  which  conducts  only  during  the  positive  half-cycles. 

By  applying  and  removing  the  gate  drive  during  the  negative  half- 
cycles, the  timing  of  the  leading  and  trailing  edges  is  not  criti- 
cal, and  a simple,  wide  tolerance  circuit  can  be  used  for  the 
clock.  The  N Control  signal  operates  in  a similar  manner,  thereby 
providing  clean  ZVTO,  ZCTO,  and  full-cycle  control.  Operation  of 
the  transistor  circuit  is  identical.  The  significance  of  this 
circuit  is  that  it  is  readily  implemented,  without  the  need  for  a 
critical  timing  circuit  to  accurately  detect  zero  crossings.  On 
the  other  hand,  for  a full-wave  circuit,  only  one  active  pass  ele- 
ment is  used.  To  obtain  ZVTO,  an  extremely  precise  zero  crossing 
detector  must  be  built  to  turn  the  transistor  or  SCR  on  at  exactly 
the  positive  zero  crossing.  If  the  device  is  an  SCR,  ZCTO  inher- 
ently occurs;  for  a transistor,  however,  the  same  zero  crossing 
detector  must  be  used  to  turn  the  transistor  off. 

In  the  foregoing  discussion  of  Figure  3,  it  was  assumed  that  the 
load  was  resistive,  and  that  the  current  waveform  was  therefore 
in  phase  with  the  voltage.  No  problem  is  encountered  with  either 
capacitive  or  inductive  loads,  since  the  phase  shift  is  always 
less  than  90°. 

Thus,  the  back-to-back  configurations,  either  transistors  or  SCR's, 
offer  the  advantages  of  lower  power,  and  convenient  ZVTO,  ZCTO, 
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and  full  cycle  control.  BTB  is  therefore  selected  as  the  pass 
element  configuration. 

Another  significant  consideration  concerns  the  amplitude  and  time 
duration  of  the  load  current  which  is  allowed  to  flow  during  a 
fault,  particularly  into  a shorted  load. 

There  are  three  basic  options: 

a.  SCR  - If  the  SCR  is  selected  as  the  pass  element, 
and  a shorted  load  occurs  early  in  the  half-cycle, 
the  fault  current  can  readily  exceed  several  hundred 
amperes.  This  fault  current  is  limited  only  by 
the  capability  of  the  generator  to  deliver  current, 
and  the  various  small  series  impedances,  such  as: 

(1)  Generator  source  impedance 

(2)  Wire  impedance 

(3)  Connector  contact  resistance 

(4)  Fail-safe  fuse  resistance 

(5)  SSPC  current  sensor  impedance 

(6)  Small  resistor  intentionally  used  in  SSPC  to 
limit  fault  current. 

It  should  be  noted  that  steady-state  power  dissipation 
and  other  considerations  dictate  that  great  effort  is 
generally  devoted  to  minimizing  these  impedances,  and 
therefore  that  depending  on  them  to  limit  fault  cur- 
rent must  be  examined  with  great  care. 


For  a 5 amp  unit,  assume  that  under  normal  load  con- 
ditions the  drop  across  this  series  impedance  should 
not  exceed  1 volt.  In  this  case. 


Under 


_ 1 volt  = 

S 5 amps 

fault  conditions, 

t _ 115  volts 

^fault  0.2  ohm 


0.2  ohm 

therefore, 
= 575  amps 


The  energy  in  this  half-cycle  pulse  is  on  the  order 
of  (115  volts)  (575  amps)  (1.25  millisecond)  = 

82.7  joules  assuming  squarewaves  instead  of  sinewaves. 
This  is  a considerable  amount  of  energy,  and  a con- 
siderable amount  of  current  to  force  through  the  gen- 
erator, the  SSPC , and  the  various  impedances  listed 
above . 


The  impact  of  this  surge  on  the  generator  must  be  de- 
termined. Each  of  the  series  resistances  must  be 
carefully  studied  to  measure  its  ability  to  absorb 
substantial  energy  pulses.  For  example,  several  con- 
nector pins  may  be  located  in  the  series  path,  e.g., 
on  the  SSPC  card  connector,  the  external  load  center 
chassis  connector,  and  the  load  connector,  if  used. 
Potential  problems  can  occur  due  to  contamination, 
temperature/humidity  conditions  resulting  in  ice  for- 
mation, or  other  adverse  conditions  which  result  in 
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hotspots  on  the  connector  pin  during  high  energy 
surge  pulses,  and  possible  damage  due  to  heating. 


A tradeoff  can  be  made  o 

2 

dissipation,  due  to  I R 
limiting : 


zs 

PLOSS 

0.2  ohm 

5.0 

0. 5 ohm 

12.5 

1.0  ohm 

25.0 

steady-state  power 
osses,  versus  fault  current 


2„ 

- 1 zs 

IFAULT 

watts 

575 

amps 

watts 

230 

amps 

watts 

115 

amps 

Thus,  for  the  SCR,  this  tradeoff  must  be  made.  The 
most  likely  result  would  appear  to  be  on  the  order 
of  the  values  listed  above;  that  is,  a steady-state 
power  loss  of  approximately  10  to  25  watts  must  be 
tolerated  in  order  to  limit  fault  current  to  several 
hundred  amps.  With  whatever  limiting  is  employed, 
each  series  impedance  must  be  evaluated  for  its  abil- 
ity to  withstand  these  high  energy  surges. 


b.  TRANSISTOR  (1000%  TRIP)  - When  the  transistor  is  used 
as  the  pass  element,  two  techniques  are  available  for 
limiting  the  current  and  energy  delivered  during  a 
fault.  The  first  of  these  techniques  is  1000%  Trip. 
Basically,  the  load  current  is  continuously  monitored. 
If  the  current  remains  less  than  100%  (of  5 amps) , 
the  SSPC  remains  ON  indefinitely.  If  the  current  is 
between  100%  and  1000%,  the  transistors  remain  satu- 
rated (or  very  nearly  saturated),  and  the  time  trip 
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curve  is  followed.  If  the  overload  remains  long 
enough  for  time  trip  to  occur/  the  SSPC  trips  out, 
turning  off  at  a zero  current  crossing  (ZCTO) . How- 
ever, if  the  peak  current  exceeds  1000%,  or  approxi- 
mately 70  amperes,  the  SSPC  trips  in  a few  microsec- 
onds, without  waiting  for  the  end  of  the  half-cycle. 
This  serves  the  function  of  protecting  the  transistor 
as  well  as  limiting  the  current  through  the  load. 
Transistors,  in  general,  exhibit  secondary  breakdown 
limitations,  whereby  the  transistor  cannot  remain  in 
an  extremely  high  dissipation  region  for  more  than  a 
very  short  time.  For  power  transistors,  this  current 
voltage-time  relationship  is  always  expressed  in  the 
Safe  Operating  Area  (SOA)  curve  specified  by  the 
manufacturer.  In  general,  for  times  on  the  order  of 
microseconds,  the  limitation  can  be  considered  as  an 
energy  specification;  that  is,  the  transistor  cannot 
absorb  more  than  a specified  number  of  joules.  For 
the  transistors  under  consideration,  this  energy 
ranges  from  approximately  0.4  joules  to  6 joules. 

When  the  SSPC  encounters  a shorted  load,  it  is  there- 
fore necessary  to  turn  off  the  transistor  before 
exceeding  this  energy  requirement.  The  worst  case 
is  when  the  short  occurs  at  the  peak  of  the  cycle. 

The  energy  is  then  approximately 

Energy  = (Vpeak)  X (Ipeak>  X (time) 
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For  a typical  case,  assume  t = 10  microseconds, 

Then  energy  = (160V)  (70  amps)  (10  microseconds)  = 

0.112  joules. 

This  is  safely  less  than  the  maximum  allowable  energy 
rating  of  the  transistor. 

A further  potential  problem  resulting  from  turning 
the  transistor  off  in  mid-cycle  is  the  sustaining 
voltage  rating  of  the  transistor,  which  is  consider- 
ably less  than  the  breakdown  voltage.  The  sustaining 
voltage  is  particularly  important  if  the  load  includes 
inductance.  In  this  case,  as  the  transistor  turns 
off,  the  collector  voltage  quickly  rises  to  a value 
at  which  the  transistor  goes  into  a "sustaining"  con- 
diton,  and  clamps  the  voltage  to,  for  example,  300 
volts.  The  70  amps  of  collector  current  which  had 
been  flowing  prior  to  turn-off  continues  to  flow,  so 
that  the  transistor  is  now  ir  a very  high  dissipation 
state.  The  transistor  must  be  specified  to  withstand 
this  stress  or  not  allowed  to  go  into  the  VCE  sustain- 
ing region. 

Transistors  with  suitable  characteristics  for  this 
application  are  available  from  several  manufacturers, 
including : 

(1)  Motorola 

(2)  Power  Tech 
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(3)  Delco 


(4)  RCA 

(5)  Westinghouse 

(6)  International  Rectifier 

c.  TRANSISTOR  (CURRENT  LIMITING)  - Using  the  transistor 
as  the  pass  element,  a second  technique  is  available 
for  limiting  the  current  and  energy  delivered  during 
a fault.  This  involves  current  limiting  at,  for  ex- 
ample, 300%  of  rated  current.  For  currents  less  than 
100%,  and  between  100%  and  300%,  operation  is  identi- 
cal to  that  of  the  1000%  Trip  technique.  That  is,  the 
transistors  remain  saturated  until  either  the  control 
ON  signal  is  removed  or  the  time  trip  point  is  reached, 
at  which  time  the  transistors  turn  off  at  the  next 
zero  current  crossing  (ZCTO) . For  heavier  loads,  or 
for  loads  with  high  inrush  currents,  such  as  lamps 
or  motors,  the  current  is  limited  to  300%  by  reducing 
the  output  voltage.  The  SSPC  remains  in  this  state 
for  a time  specified  by  the  time-trip  curve,  which 
is  on  the  order  of  one  second.  With  regard  to  the 
circuit  design,  this  current  limiting  can  be  accom- 
plished in  two  ways:  the  first  is  by  allowing  the 
pass  transistors  to  operate  in  the  linear  region, 
much  like  a series  pass  transistor  in  a power  supply 
voltage  regulator.  The  problem  with  this  is  that 
the  power  dissipation  in  the  transistor  becomes 
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excessive,  particularly  if  the  output  is  shorted. 

For  a 5 amp  unit,  a current  of  15  amps  at  115  volts 
requires  an  internal  dissipation  of  approximately  1700 
watts,  which  is  well  beyond  the  capability  of  transis- 
tors available  today.  The  time  limitation  of  one  sec- 
ond is  of  no  help,  since  the  thermal  time  constants  of 
transistors  are  much  less  than  one  second,  and  the 
steady-state  dissipation  values  must  be  used.  The 
second  way  is  to  dissipate  the  power  (1700  watts)  in 
a resistor.  The  design  of  small  SSPC's  would  be 
limited  because  of  size  and  thermal  requirements  of 
such  a resistor. 

2.9  PASS  ELEMENT  DRIVER 

2.9.1  TRANSISTOR 

The  transistor,  in  the  BTB  configuration,  has  the  advantage  that 
both  emitters  are  connected  to  ground  ("ground",  in  this  sense, 
refers  to  the  common  of  the  control  circuit) , thereby  permitting 
symmetrical  base  drive  circuits,  in  a simple  configuration.  How- 
ever, this  does  not  imply  that  the  entire  drive  circuit  is  simpler 
than  the  SCR  drive  circuit,  because  the  level  of  base  current  re- 
quired is  substantially  higher  than  the  SCR  gate  current. 

A basic  limitation  of  power  transistors  in  general  is  that  hpE 
falls  off  rapidly  as  a function  of  Ic.  Since  IB  = Ic/hpE,  large 
values  of  IB  are  required  for  very  large  values  of  Ic,  which  oc- 
curs during  overload  conditions.  A typical  hpp  character istic 
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curve  is  illustrated  in  Figure  4.  A method  often  used  to  alleviate 
this  problem  is  to  use  parallel  transistors  to  achieve  a higher  net 
hFE.  This  is  also  shown  in  Figure  4.  For  example,  if  three  transis- 
tors are  used  in  parallel,  the  net  hj-  :>f  the  complete  triplet  is  the 
high  value  shown  on  the  curve.  Analysis  and  test  data  have  shown  that 

j 

parallel  transistors,  when  operated  at  very  high  collector  currents  and 
exhibiting  this  hpE  fall-off,  will  share  collector  current  very  nearly 
equally,  even  without  separate  emitter  resistors.  Basically,  this  is 
because  of  the  inherent  feedback  mechanism;  as  one  transistor  tries  to 
take  more  than  its  share  of  the  total  current,  its  hpE  drops,  and  it 
therefore  takes  less  current.  Equilibrium  is  established,  with  each 
transistor  conducting  its  proper  share. 


Another  factor  affecting  hpE  is  VCE.  For  a given  Ic,  hpE  increases 
rapidly  with  increasing  VCE.  That  is,  as  the  transistor  comes  out 
of  saturation,  its  hpp  increases.  This  tends  to  be  a helpful  fac- 
tor, since,  during  overload  conditions,  approaching  1000%  overload, 
the  transistor  comes  out  of  saturation,  thereby  increasing  the  hpE 
and  reducing  the  IB  requirement. 

In  designing  the  pass  element  predriver,  the  primary  problem  is  to 
generate  and  control  the  base  current  as  efficiently  as  possible. 
Base  current  is  no  particular  problem  for  normal  loads  or  small 
( < 3 0 0 % ) overloads,  but  requires  careful  consideration  for  over- 
loads approaching  1000%.  The  circuit  objective  is  to  derive  the 
base  current  from  the  line  directly,  rather  than  through  the  inter- 
nal power  supply,  in  order  to  reduce  both  power  consumption  and  the 
size  of  the  power  supply  transformer. 
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2.9.2 


SCR 


I 


t 
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In  the  BTB  SCR  configuration,  shown  in  Figure  2,  design  of  the  cir- 
cuit to  drive  the  two  SCR  gates  requires  some  consideration.  For 
many  applications,  less  sophisticated  than  the  SSPC,  it  is  suffi- 
cient to  drive  the  SCR  by  simply  supplying  a single  gate  pulse, 
with  adequate  voltage  and  current,  to  the  SCR  at  a point  early  in 
the  half-cycle.  The  SCR  "fires",  turns  on  and  remains  on  for  the 
remainder  of  the  half-cycle,  and  commutates,  or  turns  off,  when 
the  anode  current  drops  below  the  minimum  holding  current  at  the 
end  of  the  half-cycle.  In  the  SSPC,  however,  this  simple  approach 
is  not  adequate,  and  the  gates  must  be  driven  by  DC  or  a pulse 
train  rather  than  a single  pulse.  This  is  because  of  the  possi- 
bility of  inductive  loads,  which  require  some  time  for  the  current 
to  "build  up"  from  zero  to  greater  than  the  minimum  holding  cur- 
rent. A further  advantage  of  DC  gate  drive  is  that,  on  turn-off, 
the  SCR  continues  to  conduct  until  the  zero  crossing  of  the  current, 
rather  than  turning  off  slightly  early  as  the  anode  current  drops 
below  the  minimum  holding  current. 

In  Figure  5,  showing  the  recommended  SCR  driver  circuit,  the  LSI 
control  circuitry  is  isolated  from  the  line  by  optical-couplers. 

The  drive  power  is  taken  from  the  line  through  the  VMOS  FET  tran- 
sistor. The  VMOS  FET  requires  no  power  from  the  optical  coupler. 
Separate  Bias  Voltage  Windings  are  required  to  provide  the  proper 
gate  to  source  voltage. 
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BIAS  WINDING 


Figure  5.  Recommended  SCR  Driver  Circuit 
2.9.3  RECOMMENDED  DRIVE  CIRCUIT 

The  recommended  drive  circuit  in  Figure  6 uses  a VMOS  FET  transistor, 
in  a modified  Darlington  configuration. 

A FET  predriver  has  several  very  attractive  features.  The  control 
of  the  FET  is  by  voltage  rather  than  current.  At  zero  volts  VGS , 
the  FET  is  off.  At  +10VDC.  the  FET  turns  on  and  exhibits  an  RDS 
(ON)  of  less  than  2 ohms.  The  two  great  advantages  of  the  FET  are 
its  virtually  infinite  input  impedance,  and  lack  of  a saturation 
voltage.  Siliconix  will  soon  have  available  devices,  which  have  a 
breakdown  voltage  rating  (BVDSS)  of  400  volts  and  5 amp  drain 
current  (ID)  rating. 


Ml 


1 


33 


COLLECTOR 
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DRIVER 
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2.10 


Figure  6.  Recommended  Transistor  Driver  Circuit 


FUSE  AND  LOAD  COMPATIBILITY 


The  fail-safe  fuse  is  required  in  order  to  protect  the  wire  in  case 
of  an  SSPC  failure.  This  failure  can  be  either  a shorted  load  and 
a shorted  SSPC  pass  section,  or  an  internal  SSPC  short  from  the  bus 
to  ground,  e.g.  from  a shorted  internal  power  supply  transformer. 

The  fuse  must  go  on  the  input  side  of  the  SSPC,  to  protect  against 
shorts  internal  to  the  SSPC.  The  fuse  may  be  located  on  the  SSPC 
card,  or  in  the  Load  Center  chassis.  In  the  can  version,  the  fuse 
must  be  mounted  inside  the  can,  since  it  may  operate  by  itself. 

The  Load  Center  fusing  diagrams  are  shown  in  Figure  7.  The  upper 
diagram  depicts  the  fuses  located  on  the  SSPC  card.  This  allows 


a possible  problem  condition:  a short  to  ground  might  conceivably 
occur,  at  the  SSPC  card  connector,  due  to  a bent  pin,  foreign  me- 
tallic object,  etc.  Should  this  occur,  fault  current  will  flow 
in  excess  of  320  amps  from  the  bus.  Thus,  either  the  Load  Center 
wires  from  the  bus  to  the  SSPC's  must  be  capable  of  conducting  320 
amps,  or  these  wires  will  be  in  danger  of  damage.  The  solution 
to  this  problem  is  shown  in  the  bottom  diagram  of  Figure  7.  By 
locating  the  fuses  on  the  chassis,  as  close  as  practical  to  the 
bus  input  connector,  the  risk  described  above  is  eliminated,  and 
small  gauge  wire  can  be  used  from  the  fuses  to  the  SSPC's.  An 
additional  possibility  is  to  use  indicating  fuseholders,  thereby 
providing  a visual  indication  of  a blown  fuse,  and  facilitating 
maintenance  procedures. 

In  selecting  the  value  and  trip-out  characteristics  of  the  fuse, 
several  factors  must  be  considered: 

a.  The  fuse  must  open  and  protect  the  wire  in  case  of  a 
shorted  load  and  a failed  SSPC. 

b.  The  fuse  must  not  open  under  any  set  of  conditions 
for  a normally  functioning  SSPC.  Specifically,  this 
includes  inrushes  from  normal  loads  such  as  lamps 
and  motors,  as  well  as  shorted  loads  for  which  the 
SSPC  trips  as  specified. 

To  some  extent,  these  are  mutually  conflicting  requirements,  and 
selection  of  a fuse  to  simultaneously  satisfy  both  may  be  diffi- 
cult if  an  SCR  is  used  as  the  pass  element,  since  an  extremely 
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high  current,  possibly  several  hundred  amps,  can  flow  for  a full 
half-cycle.  With  the  transistor,  on  the  other  hand,  the  fault 
energy  is  limited  to  a much  smaller  value,  and  the  fuse  is  corre- 
spondingly easier  to  select. 

As  stated,  the  fuse  must  "open  and  protect  the  wire".  This  im- 
plies a fault  interruption  capability,  i.e.  the  fuse  must  not 
sustain  an  arc  after  "opening"  even  though  a thousand  or  more 
amperes  at  the  line  voltage  may  be  available  from  the  power  source. 
This  generally  sets  the  minimum  length  of  the  fuse,  and  can  result 
in  a somewhat  large  size  which  is  difficult  to  package. 

Several  standard  fuses  were  investigated  for  use  in  the  SSPC  for 
the  required  characteristics.  Microfuses,  (LITTELFUSE  type  278) 
were  tested  for  surge  handling.  This  type  of  fuse,  attractive 
because  of  its  small  size,  would  predictably  arc  and  might  burn 
associated  circuitry.  It  would  arc  at  approximately  150  amps  and 
continue  to  arc  as  long  as  7 to  8 milliseconds.  Larger  fuses 
(LITTELFUSE  Type  8AG) , because  of  their  size,  allowed  the  arcing  to 
completely  extinguish  in  1 to  2 ms.  Suitable  fuses  from  the  view- 
point of  time-current  characteristics  for  a transistor  pass  section 
are  the  following: 

MDV-7  (BUSSMAN) 

MDX-7  (BUSSMAN) 

315008  (LITTELFUSE) 

Study  is  being  pursued  by  Telephonies  on  the  subject  of  "fatique" 
failure  of  fuses  when  subjected  to  many  operations  with  surge 


currents.  The  Gould  Shawnut  type  AGY15  fuse  is  under  consideration 
for  SSPC  units  where  fatigue  is  a problem.  This  type  of  fuse  is 
called  a Silver  Sand  fuse. 

2.11  CONTROL  INPUT/OUTPUT 

The  interface  between  the  EMUX  terminal  and  the  SSPC  may  take  any 
of  several  forms.  The  only  signal  which  is  definitely  required  is 
the  Control  ON/OFF  signal,  which  turns  the  SSPC  on  and  off.  At 
least  three  possible  signals  have  been  considered  to  provide  useful 
information  from  the  SSPC  to  the  EMUX: 

a.  TRIP  - indicates  that  the  SSPC  has  tripped,  due  to 
an  overload.  The  trip  is  reset  by  removing  the 
Control  ON/OFF  signal. 

b.  STATUS  - indicates  that  the  SSPC  output  is  high, 
independent  of  the  Control  ON/OFF  input.  The  output 
may  be  high  due  to  normal  operation,  or  a shorted 
pass  element,  or  voltage  coming  to  the  output  from 
another  source.  Note  that  "high"  may  be  defined  as 
the  presence  of  either  voltage  or  current. 

c.  FAULT  - the  exclusive  - OR  function  of  ON  and  STATUS: 

ON  STATUS  FAULT 

0 0 0 

0 1 1 

10  1 

11  0 
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That  is,  FAULT  indicates  that  the  output  does  not 
agree  with  the  input.  This  can  be  due  to  either  a 
failed  SSPC,  or  voltage  coming  to  an  SSPC  in  the  OFF 
state  from  another  source,  such  as  another  SSPC  con- 
nected in  parallel. 

Various  combinations  of  these  signals  have  been  considered  and 
used  for  various  applications.  Generally,  TRIP  is  used,  possibly 
with  either  STATUS  or  FAULT.  STATUS  and  FAULT  are  basically  re- 
dundant, since  the  EMUX  terminal  always  knows  the  state  of  the  ON 
signal.  STATUS  and  FAULT  are  therefore  not  used  in  the  same  SSPC 
system . 

The  technique  of  transmission  of  these  signals  from  the  SSPC  to 
the  EMUX  terminal  offers  several  possibilities.  For  example,  to 
send  TRIP  and  STATUS  along  with  ON,  three  transmission  techniques 
are  apparent. 


a.  6 wires  - one  isolated  pair  of  wires  for  each  signal. 

b.  4 wires  - one  signal  wire  for  each  signal,  with  a 
common  ground. 

c.  2 wires  - all  three  signals  are  transferred  over  a 
single  pair  of  wires.  The  ON  signal  is  supplied  as  a 
constant  current  source  between  3 and  10  milliampetes. 
TRIP  and  STATUS  are  represented  by  different  prese- 
lected input  impedances,  looking  into  the  SSPC  control 
terminals.  The  EMUX  therefore  measures  the  voltage 
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across  the  control  input,  performs  a simple  input  to 
level  conversion,  and  knows  the  TRIP  and  STATUS. 

Thus,  in  a manner  similar  to  multiplexing,  several 
discrete  bits  of  information  are  conveyed  over  a 
single  pair  of  wires.  TRIP  and  STATUS  may  also  be 
learned  by  transmitting  a fast  pulse,  such  as  on  the 
order  of  10  microseconds,  which  is  faster  than  the 
SSPC  response  time,  and  therefore  is  not  recognized 
as  a valid  ON  command. 

All  of  these  techniques  are  completely  feasible,  and  present  no 
serious  technical  problems  in  the  SSPC  design.  The  tradeoffs  are 
clearly  defined.  The  two-wire  system  saves  connector  pins  and 
wiring,  at  the  cost  of  a small  amount  of  additional  circuitry  in 
both  the  SSPC  and  the  EMUX  terminal.  The  final  decision  must 
certainly  consider  the  following  factors: 

a.  Design  of  the  SSPC 

b.  Design  of  the  EMUX  terminal 

c.  Wiring  between  the  SSPC  and  the  EMUX  terminal 

For  a can  version,  located  relatively  distant  from  the  EMUX  ter- 
minal, the  2 wire  approach  seems  advantageous,  due  to  the  saving 
of  wires.  A 2 wire  interface  I/O  monochip  design  has  been  completed 
and  is  the  recommended  I/O  for  a new  SSPC.  The  trade  studies  by 
both  Vought  Company  and  Douglas  Aircraft  Company  support  the  2 
wire  interface  approach. 


For  a Load  Center,  which  is  a chassis  containing  one  EMUX  terminal 
and  perhaps  64  SSPC's,  the  advantage  of  the  2 wire  approach  is 
less  clear,  and  depends  to  a great  extent  on  the  detailed  design 
of  the  EMUX  terminal  I/O  ports.  By  using  three  separate  signal 
wires,  with  a single  common  ground  for  all  SSPC's,  the  wiring  may 
be  very  reasonable,  particularly  if  a multilayer  mother  board  or 
backplane,  or  similar  approach,  is  used. 

The  critical  components  of  the  I/O  interface  circuitry  are  the 
Monochip  device  and  the  optical  couplers. 


The  selection  of  the  optical  couplers  is  determined  by  several 
factors  such  as  whether  the  SSPC  is  to  be  in  a can  (hybridized) 
or  on  a printed  circuit  card. 


If  nuclear  radiation  hardening  is  desired  then  PIN  diodes  must  be 
used  with  an  LED  assembled  in  a customized  hybrid  package.  The 
orientation  of  the  PIN  diode  and  LED  must  be  selected  to  provide 
maximum  optical  coupling  consistent  with  voltage  isolation  require- 
ments. This  custom-made  optical  coupler  may  be  used  on  a printed 
circuit  card  if  the  coupler  is  first  hermetically  sealed.  Other- 
wise, it  must  be  placed  inside  a canned  SSPC  which  is  hermetically 
sealed . 

Acceptable  hermetically  sealed  optical  couplers  or  discrete  chips 
suitable  for  use  with  a SSPC  printed  circuit  board  or  custom 
hybrid  include  the  following: 


41 


NUCLEAR 

RADIATION 

MANUFACTURER 

P/N 

HARDENING 

ISOLATION 

PACKAGE 

Hewlett- 

HCPL-2770 

Yes 

*1500  VDC 

16  PIN  DIP 

Packard 

5082-4200 

Yes 

PIN  diode 
chip 

Monsanto 

MCT  4 

No 

1000  VDC 

TO-18 

Texas 

TIL120,  121 

No 

1000  VDC 

TO- 7 2 

Instruments 

TIL107,  108 

No 

1000  VDC 

Cyl indr ical 

Optron 

JAN  TX  4N22,  34 

No 

1000  VDC 

TO- 5 

Motorola 

MRD  500,  510 

Yes 

- 

PIN  diode 
chip 

MRD  601,  2,  3,  4 

Yes 

Photo  detector 
chip 

Xc iton 

CXC  1818  1R 

Yes 

- 

Photo  detector 
chip 

*Quad  OPTO  Coupler  - Isolation  is  between  input  to  output  - not 
between  outputs. 


2.12  INTERNAL  POWER  SUPPLY 

The  final  internal  power  supply  design  must  be  finalized  after  all 
other  power  controller  circuitry  is  completed.  Also,  the  maximum  al- 
lowable volume  available  and  whether  the  SSPC  is  on  a printed  cir- 
cuit card  or  in  a can  will  impact  the  design  approach.  The  design 
of  a typical  10  volt  unregulated  power  supply  per  MIL-STD-704B  for 
an  AC  SSPC  will  be  considered. 

Requirements: 

10  VDC  at  nominal  line 
6.6  VDC  minimum  at  dropout 
100  MADC  maximum  load  current 
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Assumptions: 


Rectification  efficiency  = 0.9 


The  line  voltage  (primary)  will  vary  as  follows: 

Vp  = 80  volts  to  180  volts  (transient) 

= 100  volts  to  125  volts  (steady-state  under  voltage 
and  over  voltage) 


SYMBOLS  AND  ABBREVIATIONS 

Vp  Transformer  Primary  Voltage 

N Transformer  Turns  Ratio 

V„  Transformer  Secondary  Voltage 

Average  DC  Output  Voltage 
Output  Capacitor 
Rectification  Efficiency 
Steady  State 
Overvoltage 
Undervoltage 


S 

VDC 

CF 

V 

ss 

ov 

uv 


Calculate  transformer  turns  ratio  N: 


V, 


VDC  = V VS;  VS 


DC 

V 


10V  . . , „ „ 

— g—  = 11.1  VpK 


S (RMS) 


11.1 

n/T 


= 7.9V 


N = v^  = T7§  = 12-7  "=>  13:1 
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12.2  VDC 


DC  = 
MAX  SS 


DC 

MAX  OV 


DC 

MIN  UV 


vp  \IT 


1-.9)  .(160)  ft/iT  , 17.6  v 

(.9)  (80)  (\[2)  _ 

13  " /,BV 


7.8V  > (6.6V  @ circuit  dropout) 


To  prevent  the  power  controller  from  changing  states  or  the  pass 
elements  from  operating  in  the  linear  region,  due  to  the  wide  vari- 
ation in  the  input  line  voltages,  a pre-regulator  or  a capacitor 
energy  storage  system  must  be  considered. 


The  following  is  the  capacitor  storage  approach  for 
absorbing  line  transients  of  180  volts  rms  (for  100 
ms)  and  55  volts  rms  (for  50  ms)  a qoal  set  by 
Telephonies  but  not  required  by  MIL-STD-704B . Refer 


to  Figure  8 for  diagram. 


VDC  at  VIN  = 55V  rms  = 


wp>/T 


- - * ^ = 5.4V  < (6.6V  is  circuit  dropout 

voltage) 

2.  Calculate  value  of  C required  to  maintain  voltage 
above  6.6V  (circuit  dropout). 

c - 1v (To'^eTev)  ' 1470  MFD 

A 1500  MFD/25W  VDC  aluminum  capacitor  is  3/4"  diameter  by  2-5/8" 
long  with  a temperature  range  of  -55°C  to  +85°C. 


The  critical  circuits  in  the  SSPC  such  as  the  analog  timing  cir- 
cuits and  the  reference  voltages  for  the  current  sensor  comparator 
cannot  operate  properly  with  a 3:1  variation  in  supply  voltage. 
Some  means  of  regulating  critical  voltages  must  be  provided. 

There  are  3 approaches  that  will  be  considered,  (1)  using  a zener 
diode  shunt  regulator,  (2)  using  a series  transistor  regulator, 
and  (3)  a switching  regulator. 

I 

The  zener  diode  shunt  regulator  is  the  simplest  approach.  Refer- 
ring to  Figure  9,  the  minimum  and  maximum  values  of  VDC  for  vLj.ne 
= 100  VAC  to  125  VAC,  as  load  current  varies  from  30  MA  to  50  mA, 
are  calculated  in  the  following  paragraphs. 

The  voltage  across  the  filter  capacitor: 


VCF  MIN  10V 


VCF  MAX  " 12 ,2V 


-L 
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Figure  9.  Zener  Regulated  Power  Supply 


Since  the  dropout  voltage  is  6.6  VDC  in  this  example,  a 7.5  volt 
zener  is  selected,  and  with  typical  load  and  zener  currents: 


VCF(MIN)  ~ VZ(MAX) 
1Z  (MIN)  + IL(MAX) 


10V  - 7. 5V 
34  + 90  MA 


20.2  ohms 


'R (MAX) 


VCF (MAX) 


- V 


MIN 


Z (MIN)  12.2  - 7.5  ...  . 

— 5 - = 233  MA  Steady  State 


20.2 


IZ(MAX)  XR (MAX)  " IRL(MIN)  = 233  30  203  MA 

Pd (MAX) (ZENER)  VZ  X XZ (MAX)  = 7 • 5V  x 203  MA  = 1,52  Watts 

PMAX ( RES)  = l2R  = (*233A)2  <20*2  ) = i-l0  Watts 

MAX  Steady  State  Power  = VCF(MAX)  x IR(MAX)  = 12,2V  x *233A 
= 2.84  Watts  + Rectifiers  and  transformer  losses 


MAX  Output  Power  = 7.5V  x .090A 


. 675W 


Power  Supply  Efficiency  i.  2 84  = at  l°a<3  current 


The  Standby  Power  dissipation  is  the  following: 

dissipation  =[VCF(MAX)  x 1Z  (MAX)]  = 12,2V  x 233  mA  = 2*84  Watts  + 
Rectifiers  and  transformer  losses  which  is  the  same  as  the  steady- 
state  power. 


For  the  series  dissipation  regulator 


Choosing  the 

1 V 

-i  VRIP(P-P) 


filter  capacitor  Cp,  the 

I x T = . 09A  x 1.25  x 10 
CF  100  x 10-6 


approach,  refer  to  Figure 
ripple  approximation  is: 

■ P = 1.125V 


fd 


10. 


Where  C = 100  MFD 

T = 1.25  MS  @ 400  Hz 

VCF (MIN)  V0  + 2 VRIP ( P-P)  + VSAT 
VCF(MAX)  = 12*2V 

P (DISSIPATION)  = [ VCF (MAX)  “ V0(MIN)]  XL(MAX)  = (12,2  " 7*5)  (*09A) 

* 0.423  watts  which  is  the  maximum  steady-state  power  dissipation 
in  the  pass  transistor  excluding  rectifiers  and  the  transformer. 


■ i 


The  maximum  transient  power  dissipation  at  180  VAC  input  for  100 
milliseconds  is  the  following:  Assuming  a rectification  efficiency 
»J=  0.9. 

47 


V 


P (DISSIPATION)  = (17,6  “ 7*5)  ( • 09A)  = 0.91  watts  for  .1  sec 

which  is  only  91  milli joules,  well  within  the  energy  capability 
of  most  medium  .power  transistors.  The  standby  power  dissipation 
is  the  following: 

VCF(MAX)  x Jstandby  = 12.2V  x *002  MA  = 24.4  milliwatts,  assuming  a 
UA723  or  similar  IC  voltage  regulator  as  the  error  amplifier. 

The  analysis  for  a switching  regulator  is  based  on  the  circuit  in 
Figure  11. 


The  following  expression  is  used  to  calculate  the  average  power 
dissipation  in  the  switching  regulator. 


1 /'Ton 

Pave  =7  J V 


CE (SAT)  Ip  dt  + 


f Ton  + Ts"  (z  -z  +-)  (v  SJ\ 
Aon  Vp  P ts«;  ts»; 


r r-  Tsw 

/ Vp  Ico  dt  + 

/ ' ' 

rTon  + Tsw 

J r-  Tsw 

V IT  +VI  T +IVT 

CE(SAT)  p on  p co  off  p p sw 

r r 3t 


on 


sw 


On 


Off 


Switching 

transistor  switch  on  (transistor  in  saturation) 
switch  time  (transistor  in  linear  mode) 

Peak  source  voltage  (VCp) 


Collector  current 


T 


Period  of  constant  frequency 


VSAT  


At  low  line  where  the  efficiency  is  minimum,  ton  is  assumed  to 

ton+tof f 

be  0.6  and  typical  medium  power  switching  transistors  are  used, 
also  the  peak  current  to  load  current  (DC)  is  5:1  maximum. 

P = 0.5V  x . 45A  x .6  + 12.2V  x .001A  x .4 

ave  1.0  1.0 

+ 1 2 • ? V-  x-  :i 4 * * °-x  1 0 - 6 = (.135  + .005  + .00002)  watts 

J • u 

= 0.136  watts  + rectifiers  and  transformer  losses.  The  efficiency 
of  each  approach  is  tabulated  below: 

ZENER  DIODE  DISSIPATIVE  SWITCHING 

23.8%  61.4%  83.2% 

The  zener  approach  is  obviously  not  good  because  of  low  efficiency 
and  high  standby  power  drain. 

The  dissipative  regulator  could  be  used  providing  the  filter  capaci- 
tor provides  the  energy  storage  required  at  the  55  VAC  input  line 
transient.  This  also  applies  to  the  switching  regulator,  however  a 
much  smaller  capacitor  could  be  used. 

2.13  STATUS  MONITOR 

The  Status  Monitor  or  Built-in-test  (BIT)  indicates  the  presence 
or  absence  of  either  load  voltage  or  load  current.  The  output  status 
circuit  for  voltage  monitoring  is  shown  in  Figure  12.  The  output 
status  circuit  consists  of  a full-wave  diode  bridge  across  the  SSPC 
output  terminals,  driving  the  LED  emitter  of  an  optical  coupler. 

When  the  output  voltage  is  high,  the  LED  turns  on,  and  status  is 
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indicated.  Implementing  the  status  sensing  in  this  way,  as  opposed 
to  current  sensing,  requires  very  few  components.  The  voltage  sta- 
tus monitor  can  be  incorporated  with  the  output  shunt  circuit  pro- 
vided that  the  input  current  to  the  optocoupler  does  not  exceed 
a few  hundred  microamperes.  If  nuclear  hardening  is  necessary  and 
a PIN  diode  detector  is  used,  the  input  current  required  is  at  least 
6 milliamperes . This  amount  of  current  when  dropped  across  the  SSPC 
in  the  off-state,  will  result  in  over  0.5  watts  dissipation.  When- 
ever two  SSPC ' s are  driving  the  same  load,  both  will  indicate  ON 
status  when  only  one  SSPC  is  actually  ON,  causing  improper  BIT  in- 
formation. The  circuit  in  Figure  12  combines  the  status  and  shunt 
functions,  and  allows  the  shunt  optocoupler  transistor  to  operate  with 
a low  VCE . 

The  output  status  circuit  block  diagram  for  load  current  is  shown 
in  Figure  13.  This  circuit  is  slightly  more  complicated  and  re- 
quires a few  more  components  than  load  voltage  monitoring.  Also, 
two  channels  are  required  when  2 inverse  parallel  SCR's  are  used  as 
the  pass  section  elements  because  separate  current  sense  resistors 
must  be  monitored  (see  Figure  14)  unless  a dual  rail  power  supply 
is  used.  The  load  current  status  cir-cuit  must  measure  a small 
percentage  of  the  normal  load  current  within  a few  percent  over 
the  full  temperature  range  of  -55°C  to  +125°C  requiring  a 
stable  reference  voltage  and  error  amplifier. 

Current  monitoring  is  the  more  desirable  of  the  two  methods  of  moni- 
toring the  load  status.  If  the  load  is  open  circuited  or  the  power 
controller  fuse  is  open,  the  correct  status  will  be  indicated. 
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Figure  12.  Output  Status  Circuit  for  Load  Voltage  Monitoring 


LOAD  CURRENT 
SENSE  RESISTOR 


TO  LOGIC  CIRCUIT 
AND 

OPTICAL  COUPLERS 


1775 

Figure  13.  107.  Load  Current  Status  Monitor  for 

Transistor  Pass  Section 


Figure  14.  Load  Current  Status  Monitor  for  SCR  Pass  Section 


Recommended  is  the  following: 

STATUS  = 0,  Load  current  <10%  rated  current 
STATUS  = 1,  Load  current  >15%  rated  current 

2.14  OUTPUT  SHUNT  (SAFETY) 

The  block  diagram  of  the  output  shunt  is  shown  in  Figure  15.  The 
shunt  is  required  primarily  for  personnel  safety,  as  well  as  to  in- 
sure that  very  light  loads  will  turn  off  when  the  SSPC  is  in  the  OFF 
state.  The  source  of  the  problem  is  off-state  leakage  currents,  (IL) 
through  the  pass  elements,  and  snubber  current  ( I s ) through  the 
snubber  network. 

The  snubber  is  required  for  dv/dt  suppression,  if  SCR's  are  used 
as  the  pass  elements.  If  no  shunt  is  used,  and  the  load  is  open, 
to  examine  the  worst  case,  the  full  115VAC  appears  across  the  out- 
put terminals.  To  personnel,  this  can  represent  a serious  hazard. 

Although  the  current  level  may  not  be  high  enough  to  be  lethal, 
the  human  reflex  action  resulting  from  an  unexpected  shock  can 
cause  secondary  accidents,  e.g.  falling  from  a ladder.  To  solve 
this  problem,  a shunt  is  added.  The  shunt  could  conceivably  be 
a simple  resistor  connected  across  the  output.  The  value  of  the 
resistor  would  be  such  that  IL  + Ig  would  produce  a voltage  of 
less  than  30  volts.  That  is, 

30  Volts 
rSHUNT  - IL  + Ig 

For  a typical  transistor  pass  section,  no  snubber  is  required, 
and  IL  is  less  than  0.2  milliamperes.  Thus,  RgHUNT  * 150K.  When 
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Figure  15.  Block  Diagram  of  Output  Shunt 


the  SSPC  is  in  the  ON  state,  the  power  dissipated  in  RSHUNT 
be , 


would 


PSHUNT 


(115)  2 
150K 


0.09  Watts 


This  is  probably  an  acceptable  power  loss,  and  for  this  value  of 
leakage  current,  a simple  resistor  shunt  would  be  adequate. 


However,  consider  the  case  in  which  the  total  of  Ig  + IL  is  some- 
what higher,  due  to  higher  semiconductor  leakage  or  snubber  cur- 
rent, as  is  the  case  with  an  SCR  pass  section.  Assume,  for  ex- 
ample, that  Ig  + IL  = 2 milliampere.  Then  RSHUNT  = 15K'  and  in 
the  ON  state. 


, - U15) 2 

SHUNT  " 15K 


0.9  Watts 


This  is  considered  an  excessive  power  loss  in  the  ON  state,  and 
therefore  the  shunt  switch  shown  in  Figure  15  is  provided  to 
disconnect  RgHUNT  t*ie  0N  state.  This  is  an  optical  coupler 
driving  an  NPN  transistor,  which  switches  rSH(jnt  *nto  the  circuit 
only  when  the  SSPC  is  in  the  OFF  state.  Thus,  in  the  ON  state, 
the  power  loss  is  essentially  zero.  In  the  OFF  state,  the  power 
loss  is  approximately, 


PLOSS  ' <115VI (IS  + 


In  the  present  example,  this  is  a loss  of  .230  watts,  which  is 
probably  acceptable. 


56 


However,  the  value  of  a typical  snubber  used  across  SCRs  in  inverse 
parallel  is  100S1  and  0.1  MFD.  This  impedance  at  400  Hz  is  almost 
4 K , resulting  in  approximately  30  mA  of  leakage  current.  The 
power  dissipation  in  the  series  resistor  would  be  0.09  watts. 

Leakage  Current  Range  Pass  Section 

2 to  30  MA  SCR  with  snubber 

.2  to  2 MA  Power  transistors 

The  output  shunt  is  required  for  safety  for  either  transistor  or 
SCR  pass  section  in  the  SSPC.  It  is  incorporated  in  the  final 
proposed  SSPC  systems. 

2.15  CURRENT  SENSOR 

A current  sensing  element  is  required  to  measure  the  load  current, 
to  enable  the  control  circuit  to  determine  whether  or  not  a trip 
level  has  been  reached.  The  devices  considered  for  the  current  sen- 
sor were  the  following: 

a.  RESISTOR  - A resistor  is  inexpensive  and  reliable. 
Resistors  also  respond  equally  to  AC  and  DC  current, 
which  is  significant  when  half-wave  loads  are  con- 
sidered . 

b.  TRANSFORMER  - A current  sensing  transformer  has  a 

number  of  attractive  features,  particularly  isola- 
tion and  voltage  gain.  However,  the  response  of  the 
transformer  to  pulsating  DC,  which  occurs  for  half- 
wave loads,  is  a serious  drawback. 

c.  HALL  EFFECT  DEVICES  - Parameters  not  stable  enough 
over  the  required  temperature  range. 
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Considering  these  factors,  the  resistor  appears  to  be  the  best 
choice.  The  voltage  drop  across  the  sense  resistor  must  satisfy 
the  following  conditions: 

a.  The  maximum  voltage  drop  must  not  substantially  increase 
the  overall  input-output  voltage  drop  and  the  internal 
power  dissipation  at  full  load. 

b.  The  sense  voltage  at  the  maximum  overload  current 
(70  amps  peak  for  a 5 amp  RMS  SSPC)  must  not  satu- 
rate the  base  drive  circuit  in  the  transistor  pass 
section  SSPC. 

c.  The  sense  voltage  at  10%  load  current  must  be  large 
enough  for  the  load  current  status  monitor  compara- 
tor to  operate  with  over  the  full  temperature  range 
of  -S5°C  to  +125°C. 

d.  The  power  dissipation  at  full  load  currents  should 
not  be  more  than  a few  watts  for  high  current  SSPC’s. 

THICK  FILM  POWER  RESISTORS 

Thick  film  low  value  power  resistors  are  easily  made  using  palladium 
silver  or  gold.  These  resistors  can  be  part  of  the  conductor  pattern 
in  a hybridized  SSPC  using  transistors  or  SCR's.  The  TCR  of  a low 
value  (20  milliohms)  thick  film  resistor  screened  on  an  alumina  sub- 
strate using  Pd-Ag  (palladium  silver)  is  approximately  500  ppm/°C. 

The  maximum  percent  change  in  resistance,  AR%  over  the  full  military 
temperature  range  of  -55°C  to  +125°C  is  the  following: 

R%  * AT  x (T.C.R. ) = 1 80°C  X .05%  * 9% 
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The  optimum  sense  voltage  was  determined  to  be  about  100  MV,  so 
that  for  a 5A  RMS  SSPC  the  nominal  resistance  value  is: 


100  mv 

‘'SENSE  = 5Arms 


0.02 


The  power  rating  of  thick  film  resistors  screen  on  a alumina  sub- 
strate mounted  a heatsink  is  320  watts  per  square  inch  and  several 
thousand  joules  of  energy  per  square  inch. 


The  5 amp  RMS  SSPC  current  sense  resistor  will  dissipate: 


5A  x .IV  = 0.5  watts 


The  approximate  area  of  the  20  milliohm  resistor  is  2500  square 
mils  or  the  maximum  allowable  power  dissipation  is: 

320  microwatts/ (MIL) 2 X 2500(MIL)2  = 0.8  Watts 

which  is  much  greater  than  the  actual  0.5  watts  dissipated. 

The  peak  power  in  the  sense  resistor  during  an  overload  is  (50 
ARMS)  50  Watts 


If  this  overload  lasts  for  100  milliseconds,  then  the  energy  is 
only  5 joules,  substantially  below  the  maximum  energy  capability 
of  the  thick  film  resistor. 

2.16  APPLICABILITY  TO  A DC  SSPC 

The  block  diagram  of  the  DC  SSPC  is  shown  in  Figure  16.  The  circuit 
configuration  of  the  DC  SSPC  is  the  same  as  the  transistor  pass  sec- 
tion with  its  MSI  control  circuit  chips.  Provisions  must  be  made  to 
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Figure  16.  Block  Diagram  of  DC  SSPC 

2 

absorb  the  "1/2  LI  " energy  from  the  source  and  load  inductances. 

This  will  be  covered  in  Paragraph  2.16.1. 

The  DC  input  to  the  SSPC  must  be  converted  by  a DC  to  DC  converter 
to  the  same  floating  supply  voltages  developed  for  the  AC  SSPC. 

Figure  17  shows  the  basic  circuit  diagram  for  a single  transistor 
ringing  choke  DC  to  DC  converter,  and  Figure  18  shows  the  basic 
circuit  for  a push-pull  transformer  coupled  DC  to  DC  converter. 

The  maximum  output  power  required  from  the  converter  is  approximately 


P(OUT)  = 100MA  x 12V  = 1.2  watts 


The  circuit  efficiency  of  the  ringing  choke  converter  is  75%  at 
the  1 to  2 watt  level,  whereas  the  push-pull  DC  converter  is  85% 
efficient. 

2.16.1  OVERLOAD  PROTECTION  CONSIDERATIONS 

Overload  current  protection  can  be  accomplished  by  limiting  the  load 
current  to  a maximum  of  330%  with  a resistor  or  permitting  the  over- 
load current  to  following  the  1000%  trip  curve. 

The  current  limit  to  330%  approach  is  analyzed  first. 

The  graph  in  Figure  19  shows  the  current  limiting  characteristics  of 
a single  limit  resistor. 


rload 


31.5  voc 
SOURCE 


RLOAD 
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Figure  19.  DC  SSPC  Current  Limit  Characteristics 
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Refer  to  Figure  20  for  DC  SSPC  current  limit  approach  pass  section. 


The  current  limiting  resistor  required  to  limit  the  load  current  to 
330%  of  rated  current  is: 


_ VIN (Max) 

330%  X 1 (Rated) 


31.5V 
3.3  X 5A 


1. 9o 


So  that  I overload  current 


VIN (Max) 

R + RLoad 


I0/L 


31 

.5 

1. 

9+0 

31 

.5 

1. 

9+1 

31 

.5 

1. 

9+2 

31 

.5 

1. 

9+3 

31 

.5 

1. 

9+4 

16.5  amps  or  330%  of  rated  current 

10.9  amps  or  217%  of  rated  current 

8.1  amps  or  162%  of  rated  current 

6.4  amps  or  129%  of  rated  current 

5.3  amps  or  107%  of  rated  current 


P 


(Resistor) 


12R  = (16.5) 2 1 . 9o  = 517  watts  or 


517  watt-seconds  energy  requirements. 


2.16.2  DC  SSPC  (1000%)  INSTANT  TRIP  APPROACH 

TM 

The  maximum  energy  that  the  Trans2orb  in  Figure  16  must  dissipate 
is: 


Energy  = 1/2  (L^  + L^) I" 


VZ_VLINE 


where  I = 10  X I 


RATED 
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Figure  20.  Pass  Section  DC  SSPC  Current  Limit  Approach 

Solving  for  L^+L2  to  determine  the  maximum  circuit  inductance  for  re- 
TM 

liable  TransZorb  operation: 

L2+L2  = 2E (Vz-VLIN£)/I2Vz  =2X5  ( 51-31 . 5) / ( 50) 2 X 51  = 1.53  mH 

The  addition  of  a catch  diode  would  prevent  energy  from  being  fed 
back  from  the  load  allowing  the  line  inductance  limit  to  be  1.53 
mH.  However,  with  a relay  coil  as  a load,  the  catch  diode  may 
increase  the  relay  drop  out  time. 

The  pass  transistor  (s)  would  have  to  handle  50  amps  with  a VCEO^gygj 
> approximately  70  volts.  The  equivalent  circuit  use  in  above 
analysis  is  shown  in  Figure  21. 
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PASS  TRANSISTOR 


t 


Figure  21.  Equivalent  Circuit  of  DC  SSPC  Pass  Section 

The  pass  transistor  base  drive  should  not  be  applied  or  removed  as 
a step  function  during  SSPC  turn  on  or  normal  turn  off.  Step 
changes  in  the  DC  load  current  can  cause,  depending  on  the  source 
and  load  inductances,  large  voltage  spikes  and  EMI  problems.  An 
integrator  circuit  is  required  in  the  low  level  base  drive  circui- 
try to  provide  the  soft  turn  on  and  turn  off  control. 

2.17  CURRENT  LIMITING  APPROACH 

In  the  current  limiting  approach,  which  is  discussed  with  respect 
to  the  pass  transistor  in  Section  2.2,  overload  current  is  limited 
to  300%  of  the  rated  current.  This  considerably  reduces  the  re- 
quired transistor  ratings  by  limiting  the  maximum  transistor  cur- 
rent to  21  amps  instead  of  70  amps. 


This  design  approach  was  recently  pursued  in  detail  at  Telephonies, 
in  an  independent  design  study.  Some  of  the  significant  results 
of  this  study  are  as  follows: 

a.  A custom  internal  resistor  which  dissipates  1700  watts 
for  one  second  (under  short  circuit  conditions) is 
required . 

b.  The  rate  at  which  shorted  loads  can  occur  is  limited 
by  heat  accumulation  in  the  power  resistor.  Thermal 
shutdown  circuitry  is  required  in  case  of  repeated 
overloads . 

The  thermal  analysis  of  a hybrid  package  using  a current  limiting 
resistor  shows  that  the  resistor  may  attain  a surface  hotspot 
temperature  of  approximately  520°C  when  mounted  on  a heatsink. 

The  thermal  division  (decoupling)  between  the  current  limiting 
resistor  and  the  control  circuit  components  must  be  large  enough 
to  keep  the  maximum  temperature  of  these  components  below  125°. 

Refer  to  Figure  22  and,  assuming  no  power  dissipation  on  the  control 
substrate. 


The  control  circuit  substrate  temperature 

<125°C 

where  o<  is  the  thermal  division  factor  between  the  control  substrate 
and  the  current  limiting  resistor.  The  range  of  thermal  division  or 
decoupling  for  the  type  of  hybrid  construction  is  between  0.75  to 
0.25  (1.33:1  to  4.0:1).  Solving  for  Tambient  and  assuming  o<  * 0.25. 
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Figure  22.  AC  SSPC  Current  Limit  Approach  Hybrid 

Solving  for  0<*  for  a practical  ambient  temperature  limit  of  71°C, 
the  required  thermal  division  is: 


T2  ■ TAMBIENT  _ 125°-71°  _ „ , „ 

= — — - - 0.12 

1RESISTOR_TAMBIENT  520°-71° 
or  approximately  8 to  1. 


This  would  be  extremely  difficult  to  achieve  in  a reasonable  size 
hybridized  SSPC.  Reducing  the  maximum  temperature  of  the  limiting 
resistor  to  about  250°C  by  enclosing  it  in  a copper  casing  will 
reduce  the  thermal  division  requirement  to  about  3.3  to  1 which 
can  be  done  using  the  proper  construction  techniques. 
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2.18 


LSI  VS  UNIVERSAL  MONOLITHIC  ARRAYS  VS  HYBRIDS  VS  DISCRETE 
COMPONENT  TECHNOLOGY 


2.18.1  GENERAL 

In  general,  the  desirability  of  progressing  from  discrete  components 
to  hybrids  to  LSI  monochips  is  a function  of  the  anticipated  produc- 
tion quantity.  This,  however,  must  be  modified  by  the  fact  that 
certain  components  cannot  be  obtained  with  LSI  technology,  e.g.  higher 
power  transistors,  large  capacitors,  accurate  resistors,  etc. 

2.18.2  UNIVERSAL  STANDARD  MONOLITHIC  ARRAYS 

The  use  of  Universal  Standard  Monolithic  Arrays  has  significantly 
increased  during  the  last  few  years  because  they  combine  the  advan- 
tages of  custom  LSI  without  incurring  the  drawbacks  of  a large  de- 
velopment cost  and  a long  delivery  schedule.  While,  they  pro- 
vide only  about  80%  of  the  packaging  density  available  with  the 
custom  LSI,  they  provide  far  more  flexibility  for  development 
programs  and  for  construction  of  SSPC's  of  different  types.  The 
development  nonrecurring  cost  is  only  $3,000,  which  also  includes 
100  samples.  Development  times  of  7 weeks  for  the  first  units 
have  been  achieved  by  Telephonies.  There  are  multiple  vendors  in 
the  field  and  they  provide  analog  type  chips  as  well  as  digital 
logic  chips.  Furthermore,  they  have  been  produced  in  large  quan- 
tities and  to  MI L-STD-883B  requirements.  The  production  costs  of 
the  "monochip"  units  from  Interdesign  are  about  $4.00  for  standard 
MIL  grade  and  $8.00  for  units  meeting  MIL-STD-883B  requirements. 

Telephonies  developed  five  monochips  in  mixed  DIP  and  flat  pack 
versions  for  the  present  SSPC  units  developed  for  the  Air  Force. 
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These  designs  utilize  standard  patterns  of  components.  Telephonies 
had  only  to  provide  a schematic  and  overall  specification  which 
just  directed  the  supplier  how  to  interconnect  these  standard  com- 
ponents. Thus,  there  are  no  new  layout  problems  for  the  vendor. 

For  example,  a typical  chip  which  runs  about  $4.00  in  large  pro- 
duction includes: 


50  npn  transistors 
12  pnp  transistors 
various  diodes 


75  resistors 


The  best  approach  for  medium  production  runs  (which  is  consistent 
with  normal  buying  philosphy  for  military  programs)  is  that  of 
utilizing  monochip  type  chips  included  in  hybrids  with  some  special 
discrete  components  outside  for  the  programmability  function  and 
because  they  cannot  be  readily  handled  inside  the  chip. 

2.18.3  DISCRETE  COMPONENTS 

Telephonies  has  numerous  production  jobs  utilizing  discrete  compo- 
nents on  double  sided  printed  circuit  boards.  On  the  747  Passenger 


Service  and  Entertainment  System  we  utilized  cordwood  construc- 
tion techniques  wherein  tightly  packaged  components  were  strung 
between  two  small  printed  circuit  boards.  Although  this  increased 
the  component  density,  it  posed  reliability,  maintainability  and 
repair  problems.  This  is  not  recommended  for  use.  The  use  of 
normal  densities  of  components  on  printed  circuit  cards  is  one  of 
the  recommended  techniques.  The  assembled  components  are  then 


soldered  using  automatic  wave  soldering  techniques.  This  approach 
represents  the  least  expensive  approach,  especially  when  combined 
with  the  use  of  monochips. 

A quad  SSPC  card  was  recently  priced  for  production  runs.  It  re- 
vealed that  only  10%  of  the  cost  was  attributed  to  the  assembly 
and  test  time.  The  manufacturing  techniques  did  not  even  utilize 
automatic  insertion  machines.  It  is  thus  clear  that  the  acquisi- 
tion cost  of  components  is  clearly  the  main  item  in  determining 
the  overall  SSPC  price.  The  reliability  of  the  discrete  component 
approach  will  be  the  lowest  of  the  candidate  versions.  It  will 
also  pose  more  problems  in  maintainability  since  the  separate  com- 
ponents dictate  more  test  points  to  achieve  fault  isolation  to  the 
component  or  small  functional  group  of  components.  However,  the 
cost  of  repaired  components  is  the  least  expensive  since  only  the 
failed  item  itself,  rather  than  the  whole  hybrid  or  LSI,  need  be 
replaced.  Obviously,  the  development  time  and  development  cost 
are  a minimum  as  are  problems  in  availability  of  multiple  vendors. 

2.18.4  HYBRIDS 

Our  experience  in  hybrids  is  that  they  should  be  used  only  where 
size  and  weight  minimization  are  of  extreme  importance.  They  are 
generally  more  expensive  in  production  than  the  equivalent  dis- 
cretes with  the  associated  labor.  They  also  require  3-6  months  for 
development  time  and  cost  $5,000.00  to  $10,000.00  for  medium  com- 
plexity units  including  iterations.  Also,  although  the  theoreti- 
cal reliability  is  higher  than  the  discrete  equivalent  reliability, 
problems  are  often  encountered  in  the  initial  runs.  The  manual 
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labor  in  the  hybrid  itself  is  more  than  that  of  the  discrete  ver- 
sion because  wave  soldering  techniques  can't  be  used  and  the  inser- 
tion area  is  much  smaller  and  harder  to  work  in.  However,  some 
labor  is  reduced  because  certain  components  such  as  resistors  can 
be  deposited  automatically  on  the  substrate. 

Because  of  the  above,  the  recurring  cost  of  hybrids  is  usually  25% 
to  50%  more  than  the  equivalent  discrete  version  for  normal  mili- 
tary grade  components.  However,  the  costs  are  about  equal  if  high 
reliability  discretes,  conforming  to  MIL  M38510  Class  B,  are  in- 
volved. This  occurs  because  the  hybrid  vendor  uses  a normal  mili- 
tary grade  chip  and  they  employ  MIL-STD-883B  inspection  and  test 
criteria  on  the  whole  device.  This  is  much  less  expensive  than 
purchasing  each  of  the  components  to  the  full  hi-rel  requirements. 
Thus  the  overall  costs  become  about  the  same. 

The  repair  costs  for  hybrids  are  higher  than  the  discrete  version 
because,  although  the  discrete  versions  require  more  fault  isola- 
tion, the  cost  of  the  single  part  is  much  less  than  the  whole  hybrid. 

The  reliability  of  the  hybrid  is  higher  than  the  discrete  version 
because  the  number  of  connections  is  reduced. 

2.19  THREE  PHASE  SSPC  UNITS 

Three  phase  SSPC  units  used  to  control  the  power  to  three  phase 
loads,  may  vary  from  simply  configurations  with  three  single  phase 
power  controllers  with  common  E-MUX  control  to  special  configura- 
tion devices  with  heavily  modified  power  controllers. 
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The  complexity  of  the  three  phase  power  controller  is  determined 
by  the  type  of  load  to  be  encountered.  For  a heavily  inductive 
load,  the  rise  times  are  limited,  therefore  the  simplest  arrange- 
ment will  suffice.  For  such  a load,  as  might  be  found  with  a 
three  phase  motor,  a power  controller  unit  in  each  load  leg  can 
turn  on  all  three  phases,  preferably  when  the  voltage  VAB  is  zero. 
Although,  a voltage  will  be  present,  in  phase  C,  the  retarded 
current  rise  avoids  a disturbing  transient.  For  turn  off,  a 
slightly  different  procedure  is  used.  When  the  current  in  phase 
one  is  zero,  that  phase  is  turned  off.  The  controller  pass  element 
is  turned  off  in  the  other  phases  when  their  current  is  zero. 

If  it  is  desired  to  change  the  direction  of  the  motor  when  used  in 
the  simple  three  phase  configuration,  two  additional  pass  elements 
must  be  added,  giving  a total  of  five. 


This  simple  configuration  system  has  been  set  up  and  demonstrated 
at  Telephonies  with  B-l  SSPC's  (which  were  designed  for  230  volts, 
single  phase)  adapted  to  115  volts  with  a three  phase  400  Hz  1/6 
HP  motor. 

Demonstration  of  the  simple  configuration  system  showed  that  when 
the  cut-off  time  was  set  to  agree  with  the  current  cross-over 
point,  there  would  be  no  voltage  spikes. 

Further  consideration  of  the  situation  shows  that  to  make  improve- 
ments leads  to  more  complex  circuitry.  For  example,  if  it  is  de- 
sired to  turn  on  the  third  phase  of  the  three  phase  load  at  the 
zero  voltage  cross-over,  it  is  necessary  to  wait  for  90°.  This  can 
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be  seen  in  Figure  23,  which  indicates  that  the  phase  C + to  - cross- 
ing takes  place  90°C  following  the  - to  + crossing  of  the  voltage 
Vftg.  Reference  to  Figure  24  shows  a typical  arrangement  of  three 
SSPC's  with  a "Y"  load.  Two  modifications  from  the  simple  3 fi  cir- 
cuit are  obvious:  A sequencer  control  to  provide  turn  on  and  turn 
off  as  described  above  and  an  alteration  in  the  transformer  which 
drives  the  internal  SSPC  power  supply  so  that  it  can  be  operated 
either  from  the  three  phase  supply  or  from  one  of  the  phases. 

Other  alternative  configurations  such  as  shown  in  Figure  25  are  under 
consideration  in  order  to  simplify  and  reduce  the  number  of  parts. 
Turn  on  of  each  leg  can  take  place  slightly  ahead  of  the  voltage 
cross-over  points  with  positive  slopes  starting  with  leg  1 phase  A 
(V12) , then  leg  2 (V21) , and  finally  leg  3 (V31) . 

SSPC  turn  off  can  take  place  in  the  reverse  sequence  with  each  leg's 
base  Crive  removed  when  its  pass  transistor  is  normally  not  conduct- 
ing load  current.  Thus  critical  timing  and  zero  current  sensing 
circuits  are  not  needed.  This  is  basically  the  approach  used  in 
the  single  phase  power  controller,  outlined  in  Paragraph  2.8.1. 

The  phase  A load  current  will  flow  only  after  phase  A pass  element 
is  turned  on  and  this  current  will  flow  through  phase  B or  phase  C 
or  both  depending  on  the  polarity  of  VftB  and  VA£.  Phase  B pass 
element  is  turned  on  next  and  phase  B load  current  can  flow.  Fin- 
ally phase  C pass  element  is  turned  on  and  load  current  is  allowed 
to  flow  in  all  three  phases.  The  turn  on  control  signal  to  each 
pass  element  is  applied  only  when  it  is  normally  not  conducting 
during  the  negative  part  of  the  phase  voltage  cycle.  This  allows 
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Figure  24.  Simple  "Y"  Configuration 


Figure  25. 


Alternate  Circuit  Configuration  Using  Less  Complex 
Pass  Section  and  Timing  Circuit 
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the  pass  element  to  start  conducting  at  the  zero  crossover  point  in 
the  positive  cycle.  This  entire  procedure  is  reversed  for  turning 
off  the  controller.  This  configuration  is  most  useful  as  motor 
controllers  or  whenever  balanced  3J3  load  are  used. 

2.19.1  THREE  PHASE  BIAS  TRANSFORMER  AND  POWER  SUPPLY  CONFIGURATION 
The  3J0  SSPC  bias  voltage  transformer  configuration  required  is 
shown  in  Figure  26.  The  transformer  is  designed  to  provide  the 
minimum  required  voltage  at  each  secondary  winding  to  operate  the 
control  circuitry  with  only  two  of  the  three  legs  energized.  This 
means  that  the  voltage  regulator  will  have  to  dissipate  extra 
power  when  all  three  phases  are  operating.  The  transformers  may 
be  wound  on  a single  core  or  consist  of  three  separate  transformers 
with  the  primary  wired  for  a delta  connection. 


2.20  TRIP  CIRCUITS 

Protection  of  the  aircraft  wiring  and  of  controlled  circuits  is 
accomplished  by  turn-off  of  the  SSPC  when  excessive  load  current 
is  drawn.  Using  circuit-breaker  terminology,  this  kind  of  turn- 
off is  referred  to  as  a TRIP  condition. 


The  way  in  which  the  trip  characteristics  are  established  is  by 
reference  to  the  wire  "smoke"  curve  which  is  the  time  at  which 
the  aircraft  insulation  will  fuse  or  ignite  for  a given  current 
passing  through  it.  The  turn-off  or  trip  time  for  a given  load 
current  is  then  kept  shorter  than  the  equivalent  time  shown  for 
the  same  current  in  the  "smoke"  curve. 
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Figure  26.  Bias  Transformer  and  Power  Supply  Configuration  for 

3 Phase  Operation 

A further  modification  is  introduced  by  a fail-safe  device  (usually 
a fuse  link)  which  increases  the  protection,  but  having  rather  large 
tolerances,  forces  the  SSPC  trip  time  curve  to  much  shorter  turn-off 
times. 

There  are  three  classes  of  trip  circuits  that  have  been  studied 
at  Telephonies: 

1.  Time  Trip  - used  for  small  and  moderate  overload 
currents. 

2.  Current  Limiting  - used  for  heavy  overload  currents. 

3.  Instant  Trip  - used  for  heavy  overload  currents. 


TIME  TRIP 


The  Time  Trip  circuit  has  the  purpose  of  shutting  off  the  SSPC  for 
mild  overload  conditions.  The  characteristic  will  lie  between  the 
rated  load  current  and  the  wire  insulation  "smoke  curve".  The  time 
trip  characteristic  is  further  restricted  when  a fuse  link  is  used. 

It  has  to  be  less  than  the  blow  time  of  the  fuse  so  that  replacement 
of  the  SSPC  or  the  fuse  will  not  be  required  except  for  very  rare  in- 
stances. It  is  desirable  to  have  the  trip  time  sufficiently  high  so 
that  the  choice  of  a SSPC  with  an  appropriate  rating  for  steady-state 
conditions  will  still  be  valid  for  loads  with  transient  overloads. 
This  is  obviously  the  case  for  an  SSPC  controlling  incandescent  lamp 
load  where  the  inrush  current  may  exceed  the  steady  state  current  by 
a large  factor. 


LOAD  DETECTION 


While  there  are  a number  of  techniques  for  detecting  and  measuring 
the  load  current  within  a SSPC,  the  use  of  a resistor  still  is  the 
most  economical  and  leads  to  as  great  an  accuracy  as  is  needed.  The 
only  debatable  point  is  whether  two  resistors  or  a single  resistor  is 
preferable.  The  two  resistor  system  arises  if  used  in  bridge  circuit 
where  the  positive  half-cycle  is  distinct  from  the  negative  half 
cycle.  For  the  single  resistor  system  full  wave  rectification  takes 
place.  This  has  the  advantage,  which  is  a major  one  in  practical 
hardware  design,  of  only  requiring  a single  rail  power  supply.  The 
dual  resistor  system  may  require  a double  rail  power  supply  but  it 
has  the  advantage  of  not  being  disturbed  by  current  splitting  if  pass 
elements  do  not  sufficiently  "open"  in  the  reverse  polarity  case. 
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With  the  choice  of  satisfactory  pass  elements,  the  single  "sense" 

resistors  provide  simpler,  more  reliable  load  detection  and  measure- 

/ 

y 

ments. 

For  setting  up  the  "sense"  resistor  system,  the  compromise  is 
made  between  the  value  necessary  to  get  a reasonable  voltage  to 
measure  with  sufficient  precision,  and  the  need  to  keep  the  volt- 
age drop  quite  small. 

The  load  current,  as  passed  through  the  sense  resistor,  is  repre- 
sented by  the  voltage  - and  this  in  turn  must  be  used  in  a compu- 
tation of  the  time  to  trip  for  any  particular  overload. 

The  "smoke"  curve  and  the  fusion  characteristic  of  fuse  metal  will 

be  a function  of  the  energy  supplied  to  the  wire  or  device,  giving 
2 

the  well  known  i t relation  for  higher  power.  For  lower  powers,  the 
thermal  losses  (such  as  by  conduction  through  the  leads)  prevent 
the  wire  or  device  from  ever  reaching  the  charring  or  fusion  tem- 
peratures. 

The  characteristic  for  a power  controller  time  trip  circuit  should 
be : 


a.  Fairly  accurate  in  determining  the  minimal  overload  point. 
This  determines  the  maximum  steady  state  rated  load  cur- 
rent and  although  the  trip  time  itself  is  not  very  criti- 
cal at  this  point,  the  tolerance  of  measurement  of  overload 
is  important.  For  example,  if  the  tolerance  of  measurement 
of  load  current  is  +10%,  then  the  SSPC  rated  load  of  100% 
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means  that  the  minimal  trip  overload  cannot  be  set  under 

111%. 

b.  As  the  overload  increases,  the  characteristic  tends  toward 
2 

the  I t curve.  But  because  it  is  not  necessary  to  con- 
sider any  more  than  about  one  decade  of  load  current  over 
2 

100%,  the  I t function  is  easily  approximated  by  linear 
f unct ions . 

The  inrush  current  for  incandescent  lamps  is  one  important  consider- 
ation for  transient  overloads.  When  operated  from  DC  power  supplies, 
or  even  AC  when  the  turn-on  can  be  at  the  line  voltage  peak,  the  in- 
rush current  of  incandescent  lamp  loads  might  be  as  high  as  12  times 
the  steady  state  conditions.  However,  when  the  turn-on  takes  place  at 
the  voltage  zero-crossing  on  a 400  HZ  line  the  inrush  current  does 
not  exceed  six  times  the  steady  state  load  current  for  the  first  half 
cycle.  Another  important  consideration  for  transient  overloads  is 
the  turn-on  of  the  AC  into  a power  supply  with  a rectifier  and  a 
large  capacitance  as  in  Figure  27.  The  initial  charging  of  the  capa- 
citor becomes  a large  surge  current  load  for  the  power  controller. 

Therefore  the  capability  of  operating  with  the  time  trip  up  to  the 
1000%  of  rated  load  current  is  quite  inclusive,  leaving  a large 
margin  to  cover  effects  that  might  lead  to  nuisance  trips,  yet 
not  require  de-rating. 

In  the  past  history  of  circuit  breakers  and  other  protective  de- 
vices, the  idea  of  an  inverse  function  has  predominated  over  the 
o 

idea  of  the  It  function.  This  happens,  to  some  extent,  because 
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Figure  27.  Full  Wave  Power  Supply  as  Load  for  SSPC 

2 

the  transition  from  "never  blow"  or  "never  trip"  to  the  I t 
function  is  usually  well  represented  by  an  inverse  relationship 
of  the  form: 

TRIP  TIME  = — —7Y— r - K2 
overload 

where  Kl  and  K2  are  constants. 

This  relationship  is  desirable  because  of  the  simple  circuits 
(mechanical  devices  for  circuit  breakers)  that  can  be  used  to 
solve  for  Trip  Time. 

CIRCUIT  TYPES 

A number  of  ways  of  doing  the  hardware  computation  to  determine 
the  trip  time  for  a particular  overload  are  known  to  designers, 
the  oldest  and  most  direct  way  being  by  analog  circuit.  Almost 
all  of  them  depend  on  the  charge  storage  of  capacitors  to  provide 
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the  timing  feature.  Some  of  the  methods  showing  promise  or  advan- 
tages that  were  studied  by  Telephonies  are: 

Analog  Trip  Circuit 
Digital  Trip  Circuit 
Mixed  Trip  Circuit 

ANALOG  TRIP  CIRCUIT 

The  Time  Trip  Circuit,  in  analog  designs,  in  essence  consists  of  a 
voltage  to  current  converter,  a storage  capacitor,  adders,  a volt- 
age reference  and  a comparator.  This  is  indicated  in  the  Figure 
28  which  is  shown  for  the  single  sense  resistor  system. 

A variant  of  the  above  system  is  a multiple  step  overload  reference 
and  V to  I converter  circuit  to  charge  the  capacitor  at  several  dif- 
ferent rates  depending  upon  the  overload.  This  allows  the  extension 
of  the  time  trip  characteristic  into  higher  decades  of  overload. 

DIGITAL  TRIP  CIRCUIT 


The  Time  Trip  Circuit  in  Figure  29  is  a digital  design.  It  con- 
sists of  an  analog  to  digital  converter,  an  oscillator-clock  cir- 
cuit, a digital  integrator,  a digital  comparator  and  a controller 
circuit.  Despite  the  term  "digital",  a digital  time-trip  does 
have  to  depend  on  some  analog  components.  The  clock  may  be  con- 
trolled by  an  R-C  circuit  to  perform  the  timing  and  the  A-D  con- 
verter does  have  certain  linear  components. 
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Figure  28.  Block  Diagram  of  Typical  Analog  Time  Trip  Circuit 


There  are  some  digital  devices  which  would  be  used  on  various  power 
controllers  whether  or  not  the  trip  circuits  are  digital  or  analog. 
One  of  the  important  ones  is  the  trip  latch.  This  is  needed  to  hold 
the  trip  condition  from  the  time  the  excessive  load  appeared  as  a 
pulse  until  a reset  action  has  been  taken. 


MIXED  ANALOG  AND  DIGITAL  DEVICES 


It  was  pointed  out  in  the  previous  discussion  that  it  was  difficult 
to  have  a pure  digital  or  pure  analog  trip  circuit  because  the  con- 
cept of  timing  and  current  measurement  are  essentially  analog 
ideas  while  the  trip  latch  is  a digital  idea. 
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Other  considerations,  when  taken  together,  show  that  mixed  analog 
and  digital  devices  are  preferable.  Because  the  time  trip  circui- 
try can  be  combined  with  Instant  Trip  and  other  circuits,  these 
also  have  an  effect  on  the  choices. 

One  consideration  is  the  minimization  of  power  needed  for  the  con- 
trol circuits.  Another  consideration  is  the  cost  and  space  reduc- 
tion available  by  use  of  custom  integrated  circuits.  Another  con- 
sideration is  the  cost  relations  for  the  various  technologies  with 
which  discrete  or  monolithic  devices  are  made.  Another  considera- 
tion is  the  cost  effectiveness  of  changes  to  adapt  to  future  sys- 
tems . 

One  of  the  most  important  considerations  concerns  the  timing  capa- 
citor if  space  is  an  important  factor.  This  capacitor  is  chosen  to 
be  as  large  as  possible  to  decrease  the  charging  (or  discharging) 
current  which  has  a direct  relation  to  the  control  power  to  be 
dissipated.  Capacitors,  of  several  microfarads  or  more,  can  only 
be  a reasonable  size  if  electrolytic,  particularly  a tantalum  de- 
vice. These  have  leakage  current  specified  by  the  manufacturer 
to  be  sufficient  at  high  temperatures  (such  as  +125°C)  to  some- 
what alter  the  time  trip  characteristics.  Experience  and  consulta- 
tion with  the  manufacturer  indicate  that  this  specification  is 
overly  safe  for  the  manufacturer  because  it  is  not  a critical 
parameter  in  most  applications. 

Avoidance  of  the  leakage  specification  can  be  accomplished  by 
using  smaller  capacitors,  which  can  be  ceramic  types.  However, 
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in  order  to  avoid  drawing  heavy  current  in  order  to  get  the  long 
Trip  Times,  it  is  necessary  to  use  the  capacitor  for  the  timing 
of  an  oscillator  so  that  the  pulse  repetition  rate  provides  the 
function  of  the  sense  resistor  current.  The  oscillator  signal,  so 
generated  is  then  divided  down  and  the  result  may  be  added  to  a 
digital  signal  obtained  from  an  analog  to  digital  conversion  of  the 
output  signal.  Other  variants  are  known  and  have  been  implemented. 

If  no  leakage  existed,  every  transient  overload  would  continue  to 
change  the  capacitor  when  used  in  the  direct  time  designs.  In  the 
oscillator  design,  counting  up  would  also  lead  to  a similar  effect. 
For  practical  use,  any  Time-Trip  circuit  must  be  allowed  to  return 
to  the  zero  or  idle  state  if  continual  transient  overloads  do  not 
exist.  Addition  of  "controlled"  leakage  or  of  providing  a "down 
count"  for  the  digital  counter  are  ways  that  are  used  to  accomplish 
the  reduction  of  time  accumulation  when  sufficient  overloads  do  not 
exist. 

INSTANT  OR  FAST  TRIP 

When  the  overload  exceeds  the  requirements  for  any  normal  load 
surges,  it  is  necessary  to  try  to  turn  off  the  power  before  the 
full  cycle  is  completed  in  order  to  protect  the  wiring  or  other 
equipment. 

The  speed  of  turn  off  becomes  a function  of  the  type  of  component 
used  to  control  the  main  power.  Obviously,  a TRIAC  or  SCR  can  only 
turn  off  at  a Zero  crossing.  Therefore,  the  fastest  turn  off  might 
be  as  long  as  a half  cycle  (1.25  msec).  The  SCR  or  TRIAC  circuits 
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may  therefore  require  the  sustaining  of  high  energy  dissipation  un- 
til the  turn  off  can  occur.  This  type  of  turn  off  is  often  referred 
to  as  "Fast  Trip". 

With  a transistor  type  pass  component,  the  turn  off  is  measured  in 
microseconds  and  is  called  "Instant  Trip".  The  turn  off  delay  for 
a transistor  is  usually  determined  by  the  storage  time  of  the  tran- 
sistor, which  is  far  smaller  than  the  times  that  can  be  encountered 
with  other  devices.  This  is  discussed  with  more  detail  in  other 
sect  ions . 

In  any  event  of  great  overloads,  the  detection  of  the  excessive 
load  current  must  lead  to  the  setting  of  a trip  latch  so  that  a 
definite  turn  off  is  held.  If  this  were  not  done.  Instant  Trip 
turn  offs  would  be  followed  by  turn  ons  giving  rise  to  a possible 
power  dissipation  problem. 

CURRENT  LIMITER 

An  alternative  to  the  Fast  or  Instant  Trip  is  the  current  limiter 
which  provides  a maximum  current  condition  until  the  SSPC  can  be 
turned  off  at  the  usual  zero  crossing  time. 

The  detection  of  load  current  exceeding  a set  value  would  set  the 
Current  Limit  Latch  which  replaces  the  Instant  Trip  Latch.  One 
version  of  this  would  insert  a resistance  in  series  with  the  load 
while  initiating  a turn  off  sequence.  A particular  version  had 
several  comparison  levels  detected,  and  the  series  resistance 
changes  according  to  the  level  detected,  so  that  the  current  limit- 
ing was  approximated  by  several  steps. 


88 


AD-A063  405 


UNCLASSIFIED 


Tfi FPHONICS  CORP  HUNTINGTON  N Y F/e  10/2 

ADVANCED  SOLID  STATE  POWER  CONTROLLER  DEVELOPMENT.  PHASE  I.  STU-ETC(U) 
SEP  78  R J EDWARDS  F33615-77-C-2017 

AFAPL-TR-78-55  NL 


2 of  5 

AD 

AO034O5 

■ 

ZX 

/ 

bi 

2.21 


LOAD  COMPATIBILITY 


Several  classes  of  loads  exhibit  features  which  affect  various 
aspects  of  the  SSPC  design.  Some  of  these  considerations  are  as 
follows : 

2.21.1  CAPACITOR  LOADS 

For  several  valid  reasons  (EMI,  stored  inductive  energy,  etc.)  it 
has  been  decided  to  employ  zero  current  turn-off  (ZCTO) . In  a load 
which  is  purely  capacitive,  a zero  current  corresponds  to  maximum 
voltage.  Thus,  when  the  SSPC  turns  off,  the  capacitor  is  left 
charged  to  the  full  peak  voltage.  This  can  cause  at  least  two 
problems:  first,  the  transistor  pass  peak-to-peak  line  voltage, 

which  for  a nominal  115  VAC  line,  is  approximately  509  volts. 

This  load  (purely  capacitive)  has  a power  factor  of  0.  For  more 
reasonable  power  factors,  closer  to  1,  the  voltage  seen  by  the 
pass  elements  is  somewhat  less  than  these  values.  In  any  case, 
the  pass  element  must  be  selected  to  withstand  this  voltage.  The 
second  problem  is  that  the  capacitor  is  left  with  a residual 
charge,  and  the  discharge  path  should  be  considered.  If  no  other 
path  is  available,  the  only  discharge  path  is  the  SSPC  output 
shunt  and  status  circuit.  The  status  circuit  will,  therefore, 
indicate  positive  status  until  the  capacitor  voltage  discharges 
down  to  a low  level.  This  discharge  time  may  be  significant, 
since  a FAULT  will  be  indicated  to  the  EMUX  terminal. 

Additional  potential  problems  can  occur  turning  on  into  capacitive 
loads,  particularly  if  zero  voltage  turn-on  (ZVTO)  is  not  used.  In 
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this  case,  the  peak  current  is  limited  only  by  the  small  series  im- 
pedances exactly  as  in  the  case  of  a shorted  load,  regardless  of 
the  value  of  the  capacitor.  The  value  will  determine  only  the  rate 
of  decay  of  the  current.  For  ZVTO,  however,  the  current  is  funda- 
mentally limited  by  the  value  of  the  line  impedance.  Without  ZVTO, 
however,  virtually  any  small  capacitor  can  cause  inrush  currents 
of  any  value,  limited  only  by  "stray"  impedances. 

2.21.2  CAPACITOR  INPUT  FILTER  POWER  SUPPLIES 

Capacitor  input  filter  power  supplies  have  large  inrush  currents  on 
initial  power  turn-on.  Switching  regulators,  similar  to  the  one 
shown  in  Figures  30  and  31  will  produce  the  greatest  inrush  currents 
on  power  turn-on,  because  unlike  a 400  Hz  dissipative  regulator 
with  an  input  transformer  whose  DC  resistance  and  leakage  induc- 
tance can  help  limit  the  peak  inrush  current,  only  the  rectifier 
impedance  and  circuit  wiring  act  to  limit  this  inrush  current. 
Measurements  of  a typical  switching  regulator  power  supply  operat- 
ing directly  off  the  400  Hz  line  without  an  input  transformer  shows 
that  it  can  have  a peak  inrush  current  at  turnon  that  is  34  times 
the  peak  repetitive  line  current.  This  high  peak  current  only 
lasts  for  a half  cycle,  however,  the  power  controller  will  instant 
trip  for  currents  that  exceed  1000%  of  the  rated  load  current. 
Switching  regulator  used  with  SSPC  should  be  selected  with  inrush 
currents  less  than  10  times  the  SSPC  rating  and  compatible  with 
the  time  trip  curve. 
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Figure  31.  Three  Phase  Line  Operated  Switching  Regulated 

Power  Supply 
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2.21.3  INDUCTIVE  LOADS 

2 

The  stored  energy  in  an  inductance  is  1/2  LI  . Since  the  SSPC  uses 
ZCTO , the  stored  energy  in  an  inductive  load  for  a normal  turn-off 
is  zero,  and  the  SSPC  absorbs  no  energy.  For  a turn-on,  regardless 
of  whether  ZVTO  is  used,  the  initial  current  is  zero,  inherently 
providing  a soft  start  for  inductive  loads. 

For  a shorted  load,  using  a transistorized  SSPC,  the  problem  of 
stored  energy  must  be  considered,  in  view  of  the  generator  induc- 
tance. The  transistor  goes  into  the  sustaining  mode,  as  discussed 
in  section  2.8.1,  and  all  of  the  energy  stored  in  the  generator  in- 
ductance is  dissipated  by  the  transistor.  For  50  microhenries  and 
70  amps,  this  energy  is: 


VCEO (SUS) 

VCEO (SUS) - ( VLINE ( PK)  ) 


= .5(50X10-6)  (70)  2 


400 

400-250 


= .327  joules. 


This  is  well  within  the  energy  capability  of  all  power  transistors 
contemplated  for  this  SSPC  application.  However,  there  is  no  guar- 
antee that  the  generator  and  line  inductance  is  always  <50  micro- 
henries. 


Recently,  significant  advances  have  been  made  in  the  technology  of 
TransZorbs  , which  are  similar  to  power  zeners,  designed  to  absorb 
very  large  energy  surges.  One  particular  unit  made  by  General 
Semiconductor  Industries,  which  is  now  in  production,  was  evaluated 
during  this  study  program  and  found  to  have  excellent  characteris- 
tics, including  low  temperature  coefficient  and  low  leakage  at  low 
voltages.  These  devices  can  be  used  with  transistor  pass  sections 
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to  absorb  energy  surges  from  the  source  or  load  inductances  during 
non  ZCTO  conditions  (instant  trip).  Source  inductances  over  50 

TM 

microhenries  will  require  an  energy  absorbing  device  (TransZorb  ) 
to  protect  the  transistor  pass  section. 

See  Figure  32  for  pass  section  schematic  using  TransZorb  for  pro- 
tection. The  transzorb  is  selected  to  have  a breakdown  voltage 
less  than  the  minimum  VCE  (Sustaining)  of  the  pass  transistors  and 
higher  than  the  maximum  voltage  dictated  by  the  power  source. 

The  energy  dissipated  in  the  transzorb  can  be  calculated  as  fol- 
lows: 

En"«  (TRANSZORB)  ‘ l/2  (-25  * 10-3)(70>2 

For  a 5 amp  SSPC  used  in  a 115  VAC  400  HZ  aircraft  power  system, 
the  following  is  assumed  for  this  illustration: 

f 

V source  = 180  VRMS  maximum  = 254.6V  PK  maximum 
L source  * 0.25  millihenries 

1000%  overload  current  = 70  amps  peak 

V clamp  = 280V  (Transzorb™) 

2.21.4  LAMP  LOAD 

An  incandescent  lamp  is  simply  a nonlinear  resistor,  and  contains 
no  stored  energy  to  be  dissipated  at  turn-off. 

With  zero  voltage  turn  on,  the  lamp  draws  an  inrush  current  of 
from  200%  to  700%  of  its  rated  current,  depending  on  the  lamp 
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280 


280-254. 6 


* 6.75  joules 


characteristics  and  temperature  prior  to  turn-on.  The  SSPC  trip 
curve  is  clearly  designed  to  accommodate  this,  and  no  problem  for 
the  SSPC  is  encountered  with  any  proposed  design  approach.  Whether 
the  life  of  lamps  can  be  extended  by  use  of  300%  current  limiting 
is  debatable.  It  has  been  known  that  for  many  lamps,  constant  cur- 
rent sources  can  reduce  the  life  to  about  half  of  that  from  con- 
stant voltage  sources.  The  300%  current  limit  condition  may  be 
considered  as  a mixture  of  the  two  source  types.  Furthermore, 
since  the  lamp  life  is  extended  by  ZVTO,  the  proposed  AC  SSPC  con- 
figuration is  closer  to  the  ideal  controller  for  lamps. 

2.21.5  MOTOR  LOADS 

Startup  of  motors  is  no  particular  problem  with  an  SSPC  using 
either  SCR's  or  transistors  with  1000%  trip,  assuming  that  the 
motor  characteristics  comply  with  the  SSPC  trip  curve. 

Startup  may  be  a problem  in  some  cases  with  current  limiting  at 
300%,  however.  Certain  motors  with  certain  loads  may  start  more 
slowly,  or  may  stall  and  not  start  at  all.  This  is  a serious 
drawback,  and  precludes  the  300%  current  limiting  approach. 


Another  problem  associated  with  motor  loads  is  the  back  EMF  gener- 
ated subsequent  to  turn-off,  as  the  motor  is  coasting  to  a halt. 
The  frequency  of  the  generated  voltage  is  continuously  decreasing, 
so  that  peaks  of  the  back  EMF  will  periodically  be  180%  out  of 
phase  with  the  400HZ  line.  At  these  times,  the  pass  element  may 
see  the  peak-to-peak  line  voltage,  similar  to  a capacitor  load. 
With  ZCTO  this  voltage  will  only  last  for  a few  cycles,  however, 
with  non  ZCTO  the  motor  may  act  as  a generation  for  a much  longer 
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time.  This  would  increase  the  energy  absorbing  requirements  for 
the  pass  section  elements. 

2.21.6  HALF  WAVE  LOADS 

A significant  impact  of  half-wave  loads  is  to  favor  a resistor  as 
the  current-sensing  element  instead  of  a current  transformer. 

For  transistorized  SSPC's,  half-wave  loads  pose  no  special  problems. 
For  SCR's,  however,  inductive  half-wave,  and  even  inductive  full- 
wakve  DC  loads,  can  present  a serious  problem.  For  a large  induc- 
tance, with  a large  DC  component,  the  DC  current  tends  to  continue 
flowing,  and  the  SCR  does  not  self-commutate . Current  continues 
to  flow  from  cycle  to  cycle,  and  the  SSPC  can  not  be  turned  off 
by  normal  means.  The  most  common  means  of  preventing  this  problem 
is  to  specify  that  a "free-wheeling"  diode  must  be  connected  in 
parallel  with  the  inductive  load. 

2.21.7  ELECTRO-EXPLOSIVE  DEVICES  (EED) 

The  EED  as  described  by  the  Vought  Corporation  final  report,  has 
uncontrollable  impedance  during  ignition,  lasting  up  to  10  milli- 
seconds. After  ignition,  the  EED  impedance  could  go  down  to  zero 
ohms,  causing  the  overload  current  to  exceed  the  1000%  rated  load 
current  and  produce  an  instant  trip.  This  would  be  acceptable  pro- 
viding the  EED  current  requirements  remain  below  the  "must  not  trip" 
portion  of  the  SSPC  trip  curve  before  ignitiom  occurred. 
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2.21.8  COORDINATION  OF  CASCADED  POWER  CONTROLLERS 


The  diagram  in  figure  33  shows  how  several  SSPC's  can  be  connected 
for  circuit  breaker  protection  of  several  small  loads  powered  from 
the  main  power  bus.  If  a load  fails  and  shorts  out,  its  SSPC  will 
reach  the  trip  current  threshold  first  and  trip  out  before  the  main 
SSPC  does.  However,  if  a SSPC  fails  (shorts)  and  the  load  also  fails 
(shorts,)  then  the  main  SSPC  may  trip  depending  on  whether  the  fail- 
safe fuse  in  the  failed  SSPC  opens  before  the  main  SSPC  "must  trip" 
portion  of  the  time  curve  is  reached.  If  the  2 amp  SSPC  fails  into 
a shorted  load,  its  5 amp  fail-safe  fuse  (2-1/2  x rated  current) 
could  take  a few  milliseconds  to  clear  allowing  the  fault  current  to 
rise  up  to  50  amps,  causing  the  main  SSPC  to  trip.  In  the  case  of 
a 0.5  amp  SSPC  failing  into  a shorted  load,  its  failsafe  fuse,  rated 
at  1-1/4  amps  would  only  allow  about  30  amps  through  before  clearing 
and  maintaining  the  fault  current  below  the  main  SSPC  "must  trip" 
current-time  curve.  Care  must  be  used  in  selecting  the  SSPC's  used 
for  cascading.  The  fail-safe  fuse  rating  and  SSPC  current  rating 

must  be  small  enough  compared  to  the  main  SSPC  so  that  no  failure 

t 

other  than  an  AC  input  to  ground  short  will  cause  the  main  SSPC  to 
trip. 

2.21.9  REPETITIVE  PULSED  LOADS 

Pulsed  loads  are  compatible  with  the  proposed  time-trip  and  status 
circuits  provided  that  the  minimum  load  current  does  not  drop  below 
10%  of  rated  current  and  the  maximum  load  current  does  not  exceed 
1000%  of  rated  load  current.  During  pulsed  overloads  and  since  the 
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Figure  33.  Cascading  SSPC's  for  Protection  of  Several  Small  Loads 

time-trip  circuit  senses  the  peak  load  current,  the  timing  capaci- 
tor will  continue  to  charge  during  each  pulsed  overload.  The  SSPC 
would  eventually  trip  out  for  pulsed  overloads,  provided  the  duty 
cycle  of  these  overloads  is  compatible  with  the  time  constant  de- 
termined by  the  timing  capacitor's  "controlled  leakage"  circuit. 
The  "controlled  leakage"  circuit"  reduces  the  accumulation  of  time 
when  sufficient  overloads  do  not  exist. 
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SECTION  III 

PROPOSED  DESIGN  AND  SYSTEM  CONFIGURATION 

After  consideration  of  the  many  'actors  affecting  each  segment  of 
the  SSPC  design,  the  main  design  approach  recommended  is  for  a 5 
AMP,  115V,  400  Hz  SSPC.  The  design  will  be  completely  reviewed 
and  reevaluated  during  Phase  II. 

Transistors  are  selected  as  the  pass  elements  because  of  their  su- 
perior load  compatibility,  no  dv/dt  problems,  ease  of  fuse  selection, 
and  simple  base  drive  configuration.  The  proposed  transistor  pass 
section  has  been  breadboarded  and  extensively  tested  at  Telephonies 
during  Phase  I of  this  program.  The  use  of  power  MVOS  VMOS  transis- 
tors as  drivers  will  require  almost  no  current  from  the  power  supply, 
reducing  the  size  of  the  filter  capacitors  and  transformer. 

The  control  input/output  is  the  two-wire  system,  with  TRIP  and  STATUS 
sent  as  impedance  changes  over  the  control  lines.  The  use  of  the  2 
wire  interface  results  in  a saving  of  50%  in  wiring  harness  weight 
compared  to  a 6 wire  system.  The  cost  differential  between  the  two 
interfaces  is  analyzed  in  the  LTV  final  report.  This  difference 
amounts  to  67.338  million  dollars  over  the  life  of  the  aircrafts. 

The  SSPC  circuit  complexity  is  also  reduced  by  using  the  2 wire  I/O 
interface.  A mono-chip  used  for  the  2 wire  I/O  interface  has  been 
designed  and  tested.  This  mono-chip  could  be  used  as  the  proposed 
interface  I/O  circuit  with  little  or  no  changes. 

The  internal  power  supply  will  be  a transformer,  full-wave  and 
capacitor  filter  with  a switching  regulator. 
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The  Status  Monitor  monitors  the  output  current  and  transmits  a 
fault  when  the  load  current  drops  below  10%  to  15%  c?  rated  cur- 
rent. The  Output  Shunt  contains  an  active  Shunt  switch,  which 
reduces  power  dissipation  in  the  ON  state. 

The  current  sensor  is  a single  resistor  which  provides  identical 
response  for  full-wave  and  half-wave  loads. 

The  Time  Trip  circuit  is  an  analog  implementation  controlled  by  a 
resistor  and  capacitor  timing  circuit. 

Remote  programmable  trip  current  levels  are  desirable  to  reduce  the 
number  of  different  SSPC  current  ratings  required  in  the  LMC.  How- 
ever, there  are  serious  circuit  problems  that  must  be  considered. 

The  optimum  voltage  drop  across  the  current  sensing  resistor  is  de- 
termined to  be  100  mv  at  rated  load  current.  A SSPC  programable 
from  1 to  10  amps  would  require  the  current  sense  amplifier  to 
operate  with  inputs  from  1 mv  (10%  of  rated  load  current  for  fault 
indication  at  1 amp  level)  to  .1  volt  (1000%  of  rated  load  current 
at  instant  trip).  If  however,  the  load  voltage  is  used  to  indicate 
status,  then  the  current  sense  voltage  range  is  10  mv  to  .1  volt. 
The  power  dissipation  will  vary  as  the  square  of  the  current  or 
in  this  example  100  times. 

An  alternate  approach  to  programming  the  current  rating  is  to  main- 
tain a fixed  voltage  drop  across  the  current  sense  resistor  and 
vary  the  sense  resistor.  This  would  mean  that  two  additional  pins 
must  be  brought  out  to  pick  up  the  external  current  sense  resistor 


in  a canned  unit.  On  a printed  circuit  card  SSPC  with  multiple 
controllers,  this  could  easily  be  accomplished  by  soldering  in  the 
appropriate  resistor  or  jumper  wire.  The  load  distribution  analy- 
sis as  delineated  in  the  Douglas  and  Vought  Reports  shows  that  most 
loads  can  be  serviced  by  1 amp,  5 amp,  and  10  amp  SSPC  controllers. 
It  is  possible  then,  on  a Quad  SSPC  printed  circuit  card,  for  the 
factory  to  program  the  rating  of  each  SSPC  for  different  load  cur- 
rent ratings. 

The  ZVTO  and  ZCTO  functions  are  implemented  by  turning  the  pass  tran 
sistors  on  and  off  during  their  normally  non-conducting  half-cycles, 
thereby  eliminating  the  need  for  a precise  zero-crossing  circuitry. 

The  same  ZVTO  and  ZCTO  circuit  can  be  used  for  controlling  a SCR 
pass  section  making  the  monochip  arrays  universal  in  application. 

The  optical  couplers  will  be  fabricated  using  a technique  recently 
developed  by  a hybrid  manufacturer  working  together  with  Telephonies 
The  technique  involves  mounting  an  LED  chip  and  a PIN  diode  chip  on 
a hybrid  substrate  which  are  then  optically  coupled  through  a pas- 
sivation layer.  This  optical  coupler  will  combine  small  size,  nu- 
clear resistance,  high  dielectric  withstanding  voltage,  and  good 
electrical  characteristics  in  a small  package  designed  for  produc- 
tion on  a hybrid  substrate. 

Optical  couplers  are  selected  over  transformer-coupled  oscillators 
for  cost,  simplicity,  size  and  weight  advantages. 

The  optical  couplers  used  on  the  B-l  Flight  Evaluation  units  suc- 
cessfully passed  B-l  level  nuclear  susceptibility  requirements,  by 


a factor  of  10.  The  key  to  the  design  was  found  to  be  the  use 
of  a PIN  diode  as  the  receiving  element. 

3.1  ALTERNATE  SSPC  SYSTEM  CONFIGURATIONS 

In  addition  to  the  SSPC  configuration.  Telephonies  also  recommends 

I 

the  following  two  SSPC  configu  rations  for  design,  fabrication  and 
evaluation  in  phase  II  of  this  study  program. 

a.  The  DC  SSPC  described  in  Section  II,  paragraph  2.16  and 
shown  in  figure  16  is  recommended.  This  configuration 
is  a 5 amp  SSPC  with  1000%  instant  trip  characteristics. 
Approximately  58%  of  the  total  quantity  of  controllers 
required  on  the  C-15  Military  Air  Transport  and  A-7A 
size  aircrafts  are  DC  power  controllers. 

b.  The  3 phase  4 wire  SSPC  configuration  shown  in  figure  25 
is  recommended.  It  consists  of  multiple  single  phase 
SSPC ' s sequenced  on  and  off  at  the  proper  time  for  ZVTO 
and  ZCTO . The  proposed  ratings  are  5 AMPS  RMS,  115  VAC, 

400  Hz  30.  Approximately  16%  of  the  total  controllers 
required  are  3j0  power  controllers. 

3.2  SOLID  STATE  POWER  CONTROLLER  MODULE  CONSTRUCTION 
CONSIDERATIONS 

A conceptual  design  for  a modular  approach  for  packaging  many 
SSPC's  in  a given  location  has  been  explored.  A reasonable  design 
arrangement  in  consideration  of  thermal  heat  concentration,  struc- 
tual  rigidity,  and  general  handling  capability,  is  to  package  a 
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maximum  of  four  SSPC's  on  a single  printed  wiring  board  module. 

The  modules  could  then  be  assembled  in  an  enclosure  capable  of  sup- 
porting several  modules.  By  this  integration  process,  a variety  of 
aircraft  applications  can  be  satisfied. 

The  printed  circuit  board  (PCB)  module  will  be  constructed  using 
high  quality  FLGH  glass  base,  epoxy  resin  plastic  per  MIL-P-13949. 
This  material  is  flame  retardant,  heat  resistant  and  can  withstand 
operating  temperatures  up  to  150°C.  The  PCB  etched  copper  con- 
ductors and  space  between  conductors  will  be  in  accordance  with 
MIL-STD-275.  Typically,  conductor  thicknesses  are  approximately 
0.003  inch  with  minimum  spacing  of  0.030  inch.  Conductor  widths 
will  be  selected  according  to  current  rating  requirements  for 
minimum  local  temperature  rises.  Wave  soldering  techniques  can 
be  used  to  reduce  assembly  costs  and  minimize  the  PCB  module  size. 

Quality  assurance  of  the  PCB  construction  will  be  to  MIL-P-55110. 
After  assembly,  the  PCB  and  components  will  be  conformal  coated 
per  MIL-I-46058  to  provide  insulation  protection  from  moisture 
environ  ments.  The  coating  additionally  provides  good  damping 
characteristics  for  component  leads  and  wires  to  protect  against 
disturbing  aircraft  shock  and  vibration. 

An  optimum  PCB  module  size  having  four  SSPC  segments  is  approxi- 
mately 7.5  inches  wide  by  6.8  inches  high.  The  PCB  thickness 
will  be  0.062  inch,  except  at  its  leading  edges  t-iere  laminated 
aluminum  overlays  of  approximately  0.040  to  0.060  inch  thickness 
and  1-1/4  inch  wide  will  be  incorporated.  High  power  transistor 
banks  and  heavy  transformer  elements  will  be  mounted  directly  to 
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these  overlays.  The  purpose  is  to  enable  good  thermal  conductive 
paths  to  outside  contact  surfaces  and  to  provide  additional  support 
for  heavier  component  elements. 

The  SSPC  module  will  be  a quick  disconnect,  plug-in  arrangement 
with  a connector  affized  to  the  bottom  edge  and  a handle  at  the 
top.  The  printed  circuit  connector  will  be  a plug-receptacle 
type,  with  mechanical  float  and  fabricated  to  MIL-C-55302.  The 
handle  at  the  upper  edge  will  facilitate  insertion  and  withdrawal 
of  the  module.  The  handle  will  be  light  weight,  high  strength 
aluminum,  6061-T6  allow  material,  riveted  to  the  PCP  and  con- 
figures to  an  angle  section.  The  handle  design  is  intended  to 
provide  structural  support  for  the  PCB  as  well. 

3.3  WEIGHT  CONSIDERATIONS 

The  individual  can  type  of  SSPC  weights  approximately  four  ounces. 

The  PCB  module  having  four  SSPC  segments  is  estimated  to  weigh 
about  11-12  ounces,  and  a load  center  assembly  with  16  PCB  modules 
providing  65  power  controllers,  is  anticipated  to  weight  between 
28  lbs.  to  30  lbs. 

3.4  STRUCTURAL  DYNAMICS 

The  vibration  environments  typical  to  these  aircraft  are  both  steady 

state  and  random  excitation.  Random  vibration  test  levels  of  severe 

2 

magnitude  vary  in  power  spectral  density  up  to  a maximum  of  .83  G /HZ 
in  a frequency  band  width  of  20  - 2000HZ.  Steady-state  vibration 
is  generally  severest  at  15g-input  acceleration  levels  in  frequency 
limits  of  5 - 2000  HZ.  The  steady-state  vibration  test  normally 
requires  an  endurance  phase  where  the  equipment  must  be  vibrated 
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to  its  mutual  frequencies  for  a given  period  of  time.  This  proce- 
dure is  generally  most  damaging  to  electronic  equipment  and  requires 
special  consideration  to  the  fatigue  characteristics  of  design  ma- 
terials. 

Since  it  is  often  difficult  to  design  aircraft  electronic  equipment 
beyond  the  upper  test  band  frequency  with  minimum  weight  guidelines, 
the  design  objective  for  the  SSPC  PCB  module  is  to  establish  a weight 
to  stiffness  ratio  such  that  the  lowest  order  elastic  bending  fre- 
quency is  as  high  as  possible  in  the  frequency  test  band  and  the 
associated  stress  leads  are  below  the  material  endurance  limit. 

This  is  accomplished  by  locating  the  heaviest  components,  such  as 
the  power  transformer,  close  to  the  load  supporting  edges.  Other 
components  are  arranged  to  uniformly  distribute  their  load  over  the 
entire  board  surface  area.  The  card  guides  previously  described  are 
instrumental  in  maintaining  good  support  of  the  PCB  edges  by  virtue 
of  their  high  contact  pressure.  The  handle  at  the  board  top  surface 
also  serves  as  a stiffener  to  improve  the  PCB  structural  rigidity. 

3.5  SOLID  STATE  POWER  CONTROLLER  LOAD  CENTER 

The  LMC  specified  for  the  C-15  aircraft  in  the  Douglas  Interim  Re- 
port suggests  that  both  SSPC's  and  E-MUX  compatible  RCCB's  be  con- 
tained in  the  same  LMC.  The  SSPC  assembly  would  consist  of  a 
Quad-SSPC  printed  circuit  card  with  a common  power  supply  with  re- 
dundancy capabilities.  These  LMC  (panel  boards)  would  be  located 
at  the  appropriate  load  center  on  the  aircraft  much  as  the  instru- 
ment station,  cockpit,  FWD  cargo,  etc.  Separate  LMC's  are  required 
for  AC  and  DC  SSPC's. 
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LTV  emphasis  for  the  A7-D  aircraft  has  been  on  canned  SSPC's  rather 
than  printed  circuit  cards,  mounted  on  .125  inch  thick  aluminum 
plates  contained  in  the  load  management  center.  Each  LMC  assembly 
is  hinged  for  easy  access  to  power  controllers  and  other  components 
mounted  in  the  center.  The  number  of  SSPC's  per  LMC  varies  depend- 
ing on  its  location  in  the  aircraft.  The  left  avionics  by  LMC 
could  have  132  controllers  including  spares,  while  the  wing  LMC 
could  have  as  few  as  12  SSPC's  including  spares.  Six  main  LMC's 
are  required  along  with  a special  LMC  for  26  VAC  instrument  power. 

A conceptual  design  for  the  SSPC  load  center  from  a mechanical  view- 
point is  depicted  in  Figure  34.  The  load  center  concept  provides  a 
modular  assembly  of  SSPC  printed  wire  boards  in  a tandem  stacked  ar- 
rangement. A reasonable  size  for  the  load  center  is  9 inches  wide 
by  7.5  inches  high  by  17.5  inches  deep.  The  load  center  will  be 
capable  of  installing  up  to  sixteen  SSPC  modules  for  a total  of  64 
individual  SSPC's.  Dependent  upon  the  requirements  for  each  aircraft 
in  this  program,  the  load  center  can  be  optimized  further. 

The  load  center  design  will  be  of  light  weight  aluminum  material 
construction.  The  side  walls  will  be  approximately  5/8  inch  wide 
cold  plates  having  .0060  to  .008  inch  thick  fins  with  about  14-18 
fins  per  linear  vertical  inch.  The  PCB  modules  will  access  from 
the  top  and  attach  via  card  guides  directly  to  vertical  ribs  lo- 
cated on  the  side  walls.  From  a plenum  area  located  at  the  rear 
of  the  load  center,  conditioned  aircraft  forced  air  will  inlet  and 
be  passed  uniformly  through  the  cold  plate  side  walls.  The  cooling 
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COLD  PLATE 


Figure  34.  Typical  Load  Center 
(Sheet  2 of  2) 


air  will  exhaust  at  the  load  center  front  surface.  Screens  will  be 


affixed  at  the  outlet  openings  to  prevent  small  article  entrapment 
in  the  cold  plates.  These  screens  will  be  50%  to  60%  open  in  order 
that  air  pressure  head  loss  is  kept  to  a minimum. 

The  PCB  modules  will  connect  directly  to  female  connector  recepta- 
cles located  on  a "motherboard"  at  the  base  of  the  load  center. 

Input  power  connection  will  be  made  at  the  rear  surface  of  the  load 
center  via  terminal  board  contacts.  From  the  terminal  boards,  the 
power  will  be  based  to  fuses  (64)  mounted  to  a plate  at  the  rear 
section  and  to  the  motherboard. 

The  fuses  may  optionally  be  placed  at  the  front  panel,  however,  due 
to  additional  wire  runs  required  in  that  approach,  placement  of  the 
fuses  in  the  rear  appears  advantageous  from  a cost  and  weight  con- 
sideration. The  rear  surface  will  additionally  provide  two  EMUX 
MS  connectors  (size  10  shell)  and  an  air  inlet  fitting. 

The  front  panel  of  the  load  center  will  mount  three  output  connec- 
tors (size  22  shell  0,  two  carrying  handles,  and  a power  indicating 
light.  The  load  center  top  access  cover  will  be  structurally  formed 
light  weight  aluminum  alloy  6061-T6  material.  The  cover  will  in- 
corporate nylon  "keeper"  elements  with  silicone  cellular  rubber 
compression  pads.  This  combination  will  secure  the  PCB  modules 
and  aid  in  restricting  their  lateral  and  vertical  motion  under  dy- 
namic disturbances.  Cover  attachment  to  the  housing  will  be  via 
captive  fasteners  secured  in  the  cover. 
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Attachment  of  the  load  center  to  the  aircraft  will  be  analyzed  dur- 
ing the  Phase  II  interface  study.  Optional  attachment  concepts  may 
be  either  a flange  type  mounting  arrangement  at  the  load  center 
lower  side  surfaces  or  a classical  ATR  type  rear  pin-front  lock 
spin  wheel  combination. 

3.6  THERMAL  CONSIDERATIONS 

The  basic  load  center  is  cooled  with  aircraft  supplied  ECS  (Envi- 
ronmental Control  System)  conditioned  air.  The  chassis  walls  con- 
tain plate-fin  type  cold  plates  that  limit  the  card  bay  wall  temp- 
erature to  acceptable  levels.  PC  board  temperature  gradients  are 
limited  by  use  of  aluminum  or  copper  heat  sink  overlays  that  con- 
duct the  heat  to  the  card  edge.  Card  edge  wedge  locks  couple  the 
PC  board  heat  to  the  card  bay  wall  that  is  integral  to  the  cold 
plate  chassis. 

The  controlling  thermal  resistances  from  component  case  to  inlet 
delivery  air  are  as  follows: 

a.  Cold  plate  thermal  resistance 

b.  Wedge  lock  resistance 

c.  PC  board  heat  sink  resistance 

A sample  calculation,  see  appendix,  for  a system  dissipation  of  800 
watts  with  16  PC  cards  each  dissipating  1.0  watts/in  of  board  area 
(50  watts;  card  size  7.5"  x 6.5").  The  assumed  aircraft  interface 
is  as  follows: 
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Maximum  operating  ambient,  71°C 

Available  air  flow  at  90°  inlet  air... 3, 39  lb.  min.  kw 
Allowable  system  pressure  drop... 2.0  inches 

2 

At  the  1.0  watt/in  power  density  level,  a typical  thermal  design 
includes  the  following  features: 

50  watts/PC  Board... 16  PC  Boards 

System  power  dissipation. . .800  watts 

Card  size  7.5"  x 6.5" 

Aluminum  heat  sink  overlays  at  both  card  edges;  0.0625" 
thick 

6"  long  wedge  lock  "clips"  used  at  card  edges  (thermal 
resistance,  0.4°C/w 

In  type  and  geometry 0.413"  high,  0.006"  thick, 

plain  fin  18  fins/inch,  0.1"  thick  end  sheet  on  inside 
wall  (.05"  on  outside  wall) 

The  thermal  profies  resulting  from  this  typical  design  are  as  fol- 
lows: 
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The  aforementioned  analysis  results  show  that  at  the  1.0  watt/in 
power  density  level,  the  junction  temperature  can  be  limited  to  less 
than  125°C. 


2 

However,  in  order  to  increase  power  density  levels  above  1 watt/in  , 
evaluation  studies  (including  testing)  must  be  made  for  various 
wedge  lock  configurations  since  this  thermal  resistance  will  become 
the  controlling  impedance  path. 
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SECTION  I 
INTRODUCTION 


' 


1.1  SCOPE  OF  STUDY 

This  interim  report  covers  Phase  I of  the  Douglas  Aircraft  Company  studies, 
under  subcontract  to  Telephonies,  a Division  of  Instrument  Systems  Corporation, 
in  support  of  USAF  Contract  F33615-77-C-2017. 

The  work  conducted  in  Phase  I under  this  subcontract  consisted  of  preliminary 
studies  to  achieve  successful  and  cost-effective  integration  of  solid-state 
power  controllers  (SSPCs)  into  a large  military  transport  aircraft. 

The  scope  of  this  Phase  I effort  is  shown  in  Table  1-1,  Phase  I Task  Descrip- 
tions, derived  from  the  proposed  study  approach.  The  preliminary  study 
effort  consisted  of  the  following  tasks: 

(1)  The  identification  of  key  issues  and  desiqn/integration/safety  require- 
ments. 

(2)  The  definition  of  a model  electrical  power  system  for  a large  military 
transport  aircraft,  based  on  the  C-15  preliminary  design,  with  its  load 
and  distribution  system. 

(3)  The  synthesis  of  conventional  and  electrical  multiplex  (E-MUX)-dri ven 
distribution  system  configurations,  with  locations  of  panelboards  based 
upon  the  location  of  loads. 

(4)  The  analysis  of  normal  steady-state  and  transient  fault  currents,  of 
both  three-phase  and  single-phase  types,  within  the  C-15  model  Dower 
systems. 

(5)  The  definition  of  a prototype  aircraft  E-MUX  system  for  adaptation  to 
the  candidate  SSPC  system  concepts. 

The  work  in  Tasks  (1)  through  (5)  provided  background  and  trade  study  data 
for  assistance  to  Telephonies  in  optimizing  the  candidate  SSPC/E-MUX  systems 
and  the  design  options  with  respect  to  ai rcraft-related  design  factors.  These 
trade  studies  were  concentrated  on  the  factors  of  cost,  weight,  volume,  hard- 
ware design  complexity,  environmental  tolerance,  reliability,  maintainability, 
and  on  the  desiqn  flexibility  of  these  concepts  for  aircraft  annlication. 

The  power  feeders  were  characterized  for  the  fault  analyses  in  Task  (4)  bv 
their  routing,  lengths,  and  impedances  (both  resistances  and  reactances). 
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TABLE  1.1  TASK  DESCRIPTIONS  - PHASE  I 


1.0 

£.0 

Identify: 

Define: 

0 Design  Requirements 

0 E-MUX  System  Concept  for  Each  SSPC 

0 Key  Issues 

System  Design 

0 Problem  Areas 

0 Terminal  (MTU)  Locations  and  Interfaces 

2.0 

0 Control  Processor  (CPO)  Locations  and 
Characteristics 

Identl  fy : 

0 Data  Bus  Types  and  Routing 

0 Design  Criteria 

0 Aircraft  Interfaces 

0 Safety  Criteria 

7.0 

3.0 

Assist  Telephonies  Corporation  In: 

Identify: 

0 Optlmizinq  SSPC  Designs 

0 Design  Requirements  for  Aircraft 

0 E-M'JX  Interface  Designs 

Designs  and  E-HUX  Systems 

0 Trade  Studies  of  Design  Options 

4.0 

0 Recommending  Component  and  System 

Design  Options  for  Air  Force  Selection 

Define: 

8.0 

0 Military  Transport  Aircraft 

Model  Based  on  the  C-15  Aircraft 

0 Electrical  Power  System  Model 

0 Electrical  Power  Bus  Equivalent  Circuits 

0 Electrical  Load  Locations  and 

5.0 

Characteristics 

Provide  ■ 

0 Electrical  Wire  Design  Characteristics 

0 Cost  Information  (As  Available) 

0 SSPC  Type.  Locations,  and  Ratings 

5.0 

10.0 

Prepare: 

Establish: 

0 Interim  Report  - Phase  I 

0 Power-Center  Models  and  Locations 

0 Load  Distribution  Center  Models 
and  Locations 

0 SSPC  Types,  Locations,  and  Ratings 

Both  three-phase  and  single-phase  faults  were  analyzed  to  determine  the 
current  magnitudes  and  phase  angles  available  at  the  electrical  power  center 
and  at  representative  load  locations.  The  fault  analyses  included  consider- 
ation of  generator  saliency,  pre-fault  load  and  excitation,  remote  point-of-  1 

regulation  at  the  electrical  power  center,  and  feeder  impedance  effects  uoon 
voltages,  currents,  and  time  constants. 

The  electrical  loads  of  the  C-15  aircraft  model  developed  in  Taks  (2)  and  (3) 
were  categorized  by  magnitude,  type,  power  factor,  and  degree  of  essentiality. 

The  load  protection  requirements  were  identified  by  current  levels  (1.6A,  2A, 

3A,  5A,  7.5A  and  10A)  and  protective  devices,  SSPC  or  RCCB  (Remote  Control 
Circuit  Breaker),  panelboards  at  appropriate  locations. 
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Fault  evaluations  determined  the  current  levels  and  decay  time  constants 
expected  to  occur  at  key  panelboards.  Motor  contributions  to  fault  currents 
were  included  where  appropriate.  These  fault  currents  define  the  maximum 
current  tripping  duty  imposed  jpon  the  SSPCs. 

1.2  KEY  TECHNICAL  STUDY  REQUIREMENTS 

The  Douglas  study  was  related  to  an  aircraft  electrical  power  system  model 
for  a large  military  transport,  the  C-15  aircraft.  This  model  was  defined 
as  a reference  baseline  for  the  trade  study  evaluations  and  for  future  com- 
parisons of  the  candidate  SSPC  designs.  The  key  technical  features  provided 
by  this  model  are  listed  in  Table  1-2.  This  aircraft  model  is  shown  in 
Figure  1-1  and  described  in  Section  II.  As  an  adjunct  to  the  aircraft  model, 
the  key  features  of  a crew-compatible  E-MUX  control  system  were  defined  as 
a reference  baseline  for  the  related  trade  studies. 

TABLE  1-2 

KEY  TECHNICAL  FEATURES 

° Realistic  Military  Transport  Aircraft  Model  Configuration 

* Actual  Operational  Aircraft  Loads 

* High  Short-CIrcult-Capablllty  of  the  Source  Power  System 

* Aircraft  Design  Criteria 

Redundancy  Consistent  with  Load  Criticality 

Fall  Operational/Fall  Safe  and  "Graceful  Degradation" 

Design  Philosophy 

* Distribution  Circuit  Simulation  Based  on  C-15  Aircraft 

" E-MUX  Control  System  Concept  Compatible  with  Military  Transport 
and  Crew  Operational  Interfaces 


1.2.1  Military  Transport  Model 

The  military  transport  aircraft  model  was  based  upon  the  preliminary  C-15 
design.  This  design  has  four  main  propulsion  enqines,  a significant  level 
of  hydraulic  power,  large  internal  volume  and  a relatively  long  distance  from 
the  cockpit  to  the  tail  control  surfaces.  The  electrical  pcnver  is  obtained 
from  generators  driven  by  the  wing-mounted  engines  and  from  an  identical 
generator  driven  by  the  Auxiliary  Pov/er  Unit  (APU)  located  in  the  tail  reqion. 
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This  power  is  received  and  controlled  in  two  electrical  power  centers  located 
near  the  cockpit/cargo  bay  bulkhead.  These  power  centers  are  separated 
physically  and  functionally  to  reduce  vulnerability  to  military  ODerational 
damage.  Power  feeders  from  two  main  generators  and  an  APU  power  tie-bus  are 
common  to  each  EPC. 

The  C- 1 5 has  a two-person  crew  and  all  systems  are  designed  to  minimize  crew 
workload  with  respect  to  displays,  controls,  and  system  monitoring/management 
activities. 

1.2.2  Electrical  Power  System  Model 

The  electrical  power  system  model  is  represented  by  the  preliminary  electrical 
power  system  configuration  of  the  Douglas  C- 15  military  transport.  This 
configuration,  shown  in  Figure  1-2,  consists  of  four  similar  "channels", 
each  having  a 40  KVA  generator  source  deriving  its  prime  power  throuqh  a 
hydromechanical  constant  speed  drive  (CSD)  from  a main  propulsion  engine. 

Each  generator  has  an  independent  excitation  and  control  subsystem  and  an 
associated  generator  bus  located  at  one  electrical  power  center  (EPC).  The 
generator  buses,  operating  in  either  isolated  or  paralleled  modes,  supply 
alternating  current  (ac)  power  to  ac  panelboard  load  buses  at  appropriate 
locations  in  the  aircraft.  An  auxiliary  power  system  (APU)  uses  a 40  KVA 
generator,  interchangeable  with  the  main  engine  generators.  APU  power  is 
available  to  either  the  left  or  right  EPC  through  a tie  bus  and  auxiliary 
power  relays.  On  the  ground,  external  power  is  available  to  either  the  left 
or  right  EPC  through  the  tie  bus  and  external  power  relays.  The  APU  is  not 
designed  for  parallel  operation  with  the  main  generators.  The  APU  is  used 
primarily  for  ground  power  at  remote  air-fields,  and  can  also  be  used  for 
back-up  power  in  flight  in  the  event  of  loss  of  main  generator  power  to  one 
or  both  EPCs.  One  transformer-recti  tier  is  supplied  with  nower  bv  each 
generator  bus,  creating  direct  current  (dc)  power  which  is  distributed  by 
dc  feeders  to  appropriately  located  dc  load  buses. 

Bus-tie  power  relays  permit  the  generator  buses  to  be  operated  in  isolated, 
split-parallel  (with  the  two  left  and  the  two  right  buses  parallel  separately), 
or  fully  paralleled  configurations.  Normal  operation  is  in  the  split-parallel 
configuration,  which  is  used  as  the  baseline  for  this  studv.  This  configura- 
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Figure  1-2.  Electrical  Power  System  Model  Schematic 


tion  makes  80  KVA  available  to  each  EPC,  but  also  reduces  fault-current  duty 
of  the  EPS  and  reduces  vulnerability  to  battle  damage  when  compared  with  a 
fully  paralleled  configuration. 

Multiple  power  sources  to  the  EPC  and  multiple  feeders  from  the  EPC  provide 
significant  gains  of  reliability.  The  electrical  load  profile  or  histogram. 
Figure  1-3,  shows  that  the  power  from  either  EPC  is  sufficient  to  sustain  all 
normal  aircraft  operations. 

The  preliminary  load  analysis  is  provided  in  Section  II,  as  is  the  operational 
load  profile.  Such  data  defines  the  total  load  (ac  and  dc),  and  also  defines 
the  short-term  and  long-term  demand  load  power  levels.  The  latter  is  estimat- 
ed to  be  34.5  KVA  for  aircraft-pecul iar  loads.  The  mission-peculiar  loads 
add  as  much  as  25.5  KVA  more,  giving  a total  initial  power  level  of  60  KVA. 

The  source  capacity  of  120  KVA,  with  one  main  generator  incapacitated,  provides 
the  required  100«  margin  for  growth.  These  loads  were  located  by  coordinates 
in  the  aircraft  model  during  this  study,  along  with  their  related  distribution 
load-center  (panelboard)  locations.  The  feeder  wire-sizes,  circuit-breaker 
current  limits,  and  trip-current  ratings  were  also  modelled  as  a part  of  this 
study.  These  data  are  described  in  Section  II. 

SSPC  control  power  integrity  is  essential  during  any  credible  ac  system  fault, 
signal  source  power  is  necessary  for  monitoring  of  the  electrical  power  status, 
and  signal  source  power  is  required  for  other  discretes  which  are  used  for 
E-MUX  control  logic  stimuli.  These  requirements  dictate  that  control  power 
source  redundancy  be  provided  for  essential  SSPC  and  E-MUX  functions.  Three 
control  power  options  were  considered  for  this  study. 

(a)  Hybrid  EMUX/ICU  control,  in  which  SSPCs  for  non-flight  critical 
loads  are  controlled  by  the  EMUX  system  and  SSPCs  for  flight-critical 
loads  are  controlled  by  small  manual  CBs  in  the  cockpit  called  ICUs 
(Indicating  Control  Units).  This  is  the  initially  preferred  option. 

(b)  Dual  or  Split  EMUX  Control,  in  which  a separate  EMUX  svstem  with 
control  power  derived  from  the  emergency  ac  bus  or  the  battery  is 
provided  for  flight-critical  load  SSPCs. 


Electrical  Power  Load  Profile  (Histogram) 


(c)  Common  EMUX,  in  which  the  power  supply  for  the  redundant  EMUX  sys- 
tems are  derived  from  a separate  main  battery  with  a capacity  of 
2000  watts  for  a minimum  of  20  minutes.  A 50  AHr  C-15  or  DC-10 
battery  would  provide  40  minutes  of  operation. 

The  dc  system  model  includes  a 50  AHr  main  battery  for  emergency  power,  instru- 
mentation, caution  and  warning  power,  APU  engine-starting,  and  other  essential 
aircraft  loads. 

The  details  provided  by  the  dc  load  analysis  are  similar  to  those  of  the  ac 
load  analysis.  The  SSPC  designs  that  are  based  on  power  transistors  and  are 
capable  of  switching  either  ac  or  dc  loads  will  be  included  in  the  trade 
study. 
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SECTIOfl  II 

TECHNICAL  DISCUSSION 


This  study  addressed  a series  of  key  issues  and  system  design  considerations. 
From  these  principles  and  the  C-15  and  DC-10  design,  detailed  criteria  and 
requirements  were  determined.  These  are  the  basis  for  this  study  of  the  com- 
parative merits  of  a number  of  SSPC/E-I1UX  design  options.  All  studies  are 
based  on  the  C-15  military  transport  aircraft  illustrated  by  Figures  2-1  and 
2-2. 

2.1  KEY  ISSUES 

The  key  issues  addressed  by  this  study  are  listed  in  Table  2-1. 

TABLE  2-1 
KEY  ISSUES 

Electrical  Power  System  Integrity 

Electrical  Power  System  Interface  Compatibility 

Electrical  Power  System  Cost 

System  Safety 

Tolerance  to  Operational  Aircraft  Environments 
Impact  on  Aircraft  Electrical  Power  System  Design 
Flexibility  for  Application  to  Diverse  Electrical  Circuits  and 
Loads 

Even  though  some  of  these  terms  are  of  relatively  common  usage  and  require 
no  further  definition,  some  terms  are  unique  to  aircraft,  to  a particular 
organization,  or  even  to  the  needs  of  a particular  trade  study.  Therefore,  all 
terms  will  be  defined  or  redefined  to  create  a framework  for  common  under- 
standing. 

2.1.1  Electrical  Power  System  Integrity 

Electrical  power  system  integrity  is  defined  as  that  quality  of  a system  that 
ensures  full  functional  capability  of  the  system  after  a single  failure, 
although  the  performance  level  and  margins  may  be  degraded  to  some  acceptable 
extent  (Fail  Operational).  A power  system,  to  provide  the  requisite  integrity, 
must  allow  only  a minimal  removal  of  hardware  from  service;  and,  as  a conse- 
quence of  a second  failure,  must  fail  only  in  a safe  manner  (Fail  Safe), 
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while  again  removing  only  a minimum  of  hardware  from  service.  This  concept 
of  system  integrity  is  usually  described  as  "Fail  Operational/Fail  Safe 
(FO/FS)". 


Power  system  integrity  requires  the  operational  assurance  provided  by  a fully 
coordinated  fault-protection  and  fault-removal  system  design.  It  also  re- 
quires reliable  circuit  switching,  a safe  level  of  load  isolation,  and  full 
assurance  that  false  triggering  (switching)  modes  will  not  occur. 

It  is  clear  that  the  introduction  of  solid  state  power  controllers  to  replace 
conventional  thermal-magnetic  or  electromagnetic  circuit-breakers  must 
provide  at  least  equal  measures  of  functional  and  operational  integrity  to 
the  electrical  power  system. 

The  very  rapid  tripping  capability  of  the  SSPC  may  be  utilized  to  reduce  the 
probability  of  damage  to  loads  or  circuit  wiring  on  particularly  severe  over- 
loads or  fault  currents.  It  may  also  be  used  to  assure  the  proper  sequencing 
of  the  protective  devices  in  a "cascade"  mode,  as  shown  in  Figure  2-3.  Any 
protective  devices  (A)  within  the  load,  normally  thermal  overload  protective 
devices,  should  trip  first  to  protect  the  load;  then  the  load  circuit 
protective  devices  (B)  (CB  or  SSPC)  should  trip  to  protect  the  circuit  con- 
ductors and  to  function  as  "backup"  protection  for  the  load  protective  device. 
Next  in  order  of  time  sequence,  the  system  design  may  provide  feeder  SSPCs  or 
RCCBs  (C)  to  protect  the  feeder  conductors  to  the  SSPC  panelboards.  The 
generator  bus  power  will  be  distributed  by  major  feeders  protected  by  RCCBs 
( D)  in  the  present  designs  or  by  hybrid  power  controllers  (in  future  designs) 
for  high-current  ratings.  For  large  non-essential  loads  and  feeders,  the 
protective  devices  may  be  fuses  or  limiters  (D‘)  to  protect  the  large  feeders 
from  major  electrical  power  centers.  Load-shedding  control  for  such  circuits 
must  be  provided  by  power  relays. 

Protection  from  faults,  severe  overloads,  or  open-phase  conductors  in  the 
power  feeders  from  the  generators  to  the  electrical  power  center  (EPC)  is 
provided  by  current  transformers  (CT-E)  to  trip  the  associated  generator  relay 
(GR1).  Other  differential  protection  loops  are  provided  to  remove  faults 
within  the  separate  protected  zones  (GEN  1-DP  and  BUS  TIE  DP),  according  to 
the  unique  tripping  control  logic  and  sequence,  by  means  of  the  GR-1  and 
BTR-1  power  relays. 


ACTR  AC  CROSS-TIE  RELAY, 

NORMALLY  OPEN  TO  SPLIT 
L 4 R AC  SYSTEMS 

A.  TYPICAL  THERMAL  OVERLOAD 
PROTECTOR 

B.  TYPICAL  SSPC  OR  RCCB  IN 
ADVANCED  SYSTEM,  OR  CB  IN 
CONVENTIONAL  SYSTEM 

C.  SAME  AS  B WITH  HIGHER  TRIP 
RATING  FOR  COORDINATED 
SEQUENTIAL  PROTECTION 

D.  RCCB  FOR  HIGH  TRIP  RATINGS 
(30-175A)  OR  POWER  RELAY 

D'  FUSE  OR  LIMITER  FOR  LARGE 
NON-ESSENTIAL  LOADS 

< CURRENT  TRANSFORMER  IN 

c DIFFERENTIAL  PROTECTION 
SYSTEM 

■ SOLID-STATE  E-MUX  CONTROL  OF 
SSPC  OR  RCCB  UNITS 


S SOLID-STATE  OR  MAGNETIC  REMOTE 
CONTROL  OF  SSPC  OR  RCCB  UNITS 
FROM  ICU  IN  COCKPIT.  (FLIGHT 
CRITICAL  LOADS) 


Figure  2-3.  Electrical  Power  System  Protective  Device  Coordination 
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This  study  is  primarily  concerned  with  the  smaller  protection  devices  in 
terms  of  electrical  current  ratings.  These  are  the  devices  shown  as  "B" 
and  "C"  in  Figure  2-3.  The  ratings  considered  for  this  study  are  1.6A,  2A, 

3A,  5A,  7.5A  and  10A. 

In  the  future,  hybrid  solid-state/electromagnetic  devices  with  higher  current 
ratings  may  be  used  in  place  of  the  RCCGs  in  locations  C or  D. 

The  E-MUX  control  design  concepts  may  be  used  with  both  the  SSPCs  and  with 
RCCBs  which  have  been  modified  to  provide  a common  5 Vdc  control  circuit 
interface. 

Coordination  of  the  trip  time  versus  current  characteristics  is  necessary 
between  each  protective  device  and  those  preceding  and  following  in  the  feeders 
from  sources  to  loads.  This  is  accomplished  in  aircraft  by  providing  a 2:1 
minimum  ratio  of  tripping  current  ratings  for  adjacent  circuit  breakers.  If 
the  impedance  of  the  circuit  between  the  CBs  is  very  small  or  the  fault 
current  capability  is  very  high,  increase  to  a 3:1  ratio  may  be  justified  to 
ensure  proper  coordination.  The  tripping  characteristics  of  the  SSPC  speci- 
fied by  the  MI L-P-81 653  are  similar  in  appearance  to  those  of  conventional 
CBs.  The  SSPC,  however,  introduces  a series  impedance  of  about  0.25  to  1.0 
ohm,  and  some  SSPCs  are  designed  to  provide  a current-1 imi ting  function. 
Coordination  of  lower-level  SSPCs  must  take  this  factor  into  account  to 
ensure  proper  tripping  and  clearing  of  faults.  Electrical  power  system 
integrity  depends  upon  prompt  removal  of  all  faulted  sections,  leaving  un- 
faulted sections  operational.  Promptness  of  action  enhances  the  dynamic 
(transient)  stability  of  the  system. 


2.1.2  Electrical  Power  System  Interface  Compatibility 

Electrical  power  system  interface  compatibility  is  a design  objective  which 
will  ensure  that  all  elements  of  the  power  system  (power  sources.  Dower  dis- 
tribution, components,  loads,  and  the  manual  or  automatic  control  circuits 
and  logic)  are  mutually  compatible  with  the  SSPC  and  with  the  E-MUX  hardware. 
Such  compatibility  is  necessary  before  comparisons  of  SSPC  or  E-MUX  components 
and  their  operating  characteristics  can  be  made.  Perhaps  of  even  more 
importance  is  compatibility  of  both  technical  functions  and  operational 
characteristics.  This  is  necessary  to  permit  consideration  of  the  SSPC  and/ 
or  E-MUX  systems  as  viable  candidates  for  trade  study  and  eventual  selection. 
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The  ideal  SSPC,  from  the  aircraft  designer's  point  of  view,  would  permit  a 
one-for-one  substitution  of  the  SSPC  for  the  conventional  CB.  This  ideal  may 
be  impractical,  however,  due  to  the  isolated  control  and  power  switching  sect- 
ions required  in  the  SSPC.  The  conventional  CB  obtains  its  control  and  operat- 
ing energy  from  the  current  in  the  protected  circuit.  The  SSPC  must  obtain  its 
control  and  operating  power  from  an  independent  and  at  least  equally  reliable 
source.  The  control  and  operating  requirements  are  very  small  for  the  solid 
state  design  and  a separate  power  supply  for  control  power  is  a reasonable 
design  approach.  The  power  supply  must  have  sufficient  redundancy  to  achieve 
the  required  reliability  for  this  essential  function.  A common  nower  supply 
with  redundancy  or  a backup  power  supply  design  may  be  used  between  SSPCs 
within  a single  SSPC  panelboard.  A fail-safe  mode  of  control  must  be  provided 
in  the  event  of  a loss  of  control  power  and  to  control  SSPC  functions  upon 
eventual  power  restoration.  Total  loss  of  control  power  must  be  made  both 
extremely  unlikely  and  tolerable  to  be  acceptable  for  transport  aircraft 
application  to  essential  electrical  circuits. 

The  discussion  of  power  system  integrity  in  Section  2.1.1  covered  the  protec- 
tion system  of  the  transport  aircraft.  Inherent  to  that  system  is  a require- 
ment for  compatibility  of  the  interfaces  between  the  several  levels  of  pro- 
tection. Such  compatibility  will  ensure  that  preferential  tripping  of  over- 
loads and  faults  will  occur  at  the  desired  level,  with  a minimum  disturbance 
to  the  non-faulted  buses  and  circuits.  When  an  SSPC  is  the  controlled  switch- 
ing element,  the  total  time  to  clear  a fault  or  an  overload  is  much  less  than 
for  an  E-MUX-compatible  RCCB  or  a conventional  CB. 

The  computer-managed  system  has  the  capability  to  perform  diagnostic  analyses 
related  to  reclosing  of  high-level  circuit  breakers,  and  to  sequential  trip- 
ping/reclosing in  order  to  identify  and  to  locate  low-level  faults.  The  time 
periods  required  to  collect  information  for  pre-programmed  algorithmic  analysis 
and  to  issue  the  proper  commands  are  very  short  compared  to  thermal,  thermal- 
magnetic,  or  electromagnetic  circuit  breaker  operations.  This  high  charac- 
teristic operation  speed  encourages  the  use  of  the  computer/EMUX  system  for 
the  analytical  and  control  operations  necessary  to  restore  "healthy"  loads 
and  distribution  system  elements  to  service. 
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2.1.3  Electrical  Power  System  Cost 

Electrical  power  system  cost  includes  the  non-recurrinq  development  cost,  the 
recurring  initial  hardware  cost,  and  the  costs  of  operation,  maintenance,  re- 
pair, and  replacement.  It  also  includes  such  costs  as  may  be  incurred  for 
unique  interfacing  hardware  and  environmental  control  equipment,  such  as  cold- 
plating and/or  cooling  fans.  These  latter  costs  are  limited  to  the  hardware 
items  which  are  needed  specifically  to  incorporate  the  SSPC  and  E-MUX  hard- 
ware into  an  operating  aircraft  system. 

Cost  considerations  encourage  the  development  of  highly  reliable  components 
having  a high  degree  of  cormionality  and,  further,  encourage  group  installa- 
tions of  SSPCs  on  corrmon  PC  cards  and  in  common  enclosures,  as  well  as  the 
development  of  universally  applicable  designs  for  SSPCs  and  E-MUX  terminals. 
Design  complexity  and  installation/removal  complexity  generally  have  unfavor- 
able impacts  on  both  initial  and  life-cycle  costs,  and  are  to  be  avoided. 

The  equivalent  lifetime  costs  allocated  to  the  SSPC/E-MUX  system  weight  must 
be  added  to  the  direct  costs  of  the  installed  system  before  making  a trade 
study  comparison  with  the  same  cost  elements  for  a conventional  CB  system. 

The  average  installed  direct  cost  per  pound  for  the  DC-10  electrical  power 
system,  in  1978  dollars,  is  $110. 84/lb.  This  includes  purchased  parts, 
enclosures,  wiring,  and  miscellaneous  hardware.  It  also  includes  fabrication, 
assembly,  installation,  and  functional  testing. 

The  average  lifetime  cost  for  use  in  evaluating  system  alternatives  on  C-15 
aircraft  is  $400/1 b.  in  1978  dollars.  This  cost  value  is  derived  from  the 
air  transport  operating  data  for  a DC-10-10  aircraft  of  similar  size  for  a 
twelve  month  period  ending  September  30,  1977.  It  is  based  uoon  total  air- 
craft operating  expenses  (crew  salaries,  fuel,  oil,  taxes,  insurance,  main- 
tenance, burden,  original  cost  recovery  through  depreciation  and  rentals). 

These  expenses  are  allocated  on  the  basis  of  cost  per  block  hour  of  operation. 
The  average  daily  utilization  in  block  hours  is  used  to  determine  the  total 
hours  of  operation  and  the  total  operating  cost  for  a 20-vear  nominal  operat- 
ing lifetime.  The  average  gross  weight  is  then  divided  by  this  cost  to  obtain 
$400/1 b.  as  the  average  lifetime  cost  per  pound  of  gross  weight. 

The  value  of  a weight  reduction  of  one  pound  in  an  airplane  is  basically  the 
lifetime  value  of  an  additional  pound  of  allowable  navload.  This  is  taken 
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as  the  lifetime  saving  of  allocated  expenses  to  fly  one  pound,  measured  over 
the  20-year  nominal  life  of  the  airplane. 

2.1.4  System  Safety 

System  safety  is  a broadly  defined  term,  having  two  major  aspects  for  this 
study;  maintenance  personnel  and  crew/passenger  safety,  and  probability  of 
survival  of  the  electrical  system  during  battle  conditions  or  other  hazards. 
The  former  aspect  has  the  highest  priority  in  design  and  operation.  The 
latter  aspect  is  closely  related  to  design  for  enhanced  functional  system 
reliabil i ty. 

If  an  electrical  power  system  possesses  sufficient  redundancy,  emergency 
system  capability,  and  alternative  sources  of  energy,  it  can  provide  the  crew 
with  assurance  that  the  aircraft  can  safely  complete  its  mission,  return  to 
base,  or  complete  a diversion  and  landing  at  an  alternative  air  field. 
Provision  for  a high  probability  of  mission  completion  therefore  contributes 
directly  to  a high  system  safety  evaluation.  Therefore,  E-MUX  control 
system  redundancy,  load  bus  configuration  design  to  provide  ac  and  dc  emer- 
gency buses  and  power  sources,  and  manual  control  by  the  crew  for  flight- 
critical  load  circuits  are  provided  for  the  C-15  aircraft  system  model. 

2.1.5  Tolerance  to  Operational  Aircraft  Environments 

Tolerance  to  operational  aircraft  environments  refers  to  the  capability  of  the 
components  and  their  peripheral  hardware  to  withstand  the  thermal,  shock/ 
vibration,  and  electrical/electromagnetic  (faults,  current  surges  and  voltage 
spikes)  environments.  For  military  aircraft,  the  specified  electromagnetic 
pulse  (EMP)  environments  must  be  tolerated  without  loss  of  system  integrity 
and  with,  at  worst,  a graceful  degradation  mode.  The  term  "graceful  degrada- 
tion" refers  to  a system  having  a reduced  capability,  Quality,  or  margin  of 
performance  and  reliability,  yet  which  remains  fully  functional  after  a single 
failure  or  event.  This  mode  of  degradation  is  desirable  in  preference  to  full 
failure  for  faults  or  system  failures,  but  must  be  annunciated  in  an  appropri- 
ate manner  to  alert  the  crew  and  maintenance  personnel  to  the  change  of  system 
status. 

2.1.6  Impacts  on  Aircraft  Electrical  Power  System  Design 
Impact  on  the  aircraft  electrical  power  system  design  is  a particularly 
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important  consideration  when  applying  a new  component  or  system  to  an 
existing  aircraft,  often  discouraging  its  application  entirely.  For  example, 
the  relocation  of  panelboards  and  replacement/rerouting  of  existing  wiring 
to  accommodate  a SSPC/E-MUX  system  would  not  be  justified  on  an  existing 
aircraft,  because  the  costs  would  surely  far  outweigh  the  benefits.  For  a 
new  aircraft  in  its  advanced  or  early  design  phases,  the  inclusion  of  SSPCs 
and  E-MUX/data-1 ink/computer  systems  will  naturally  have  some  design  impacts. 
These  impacts  can  be  manageable,  even  favorable,  when  addressed  during  the 
initial  electrical  power  distribution  system  design.  Sufficient  favorable 
design  impacts  will  represent  the  justification  necessary  for  adopting  a new 
design  based  on  an  SSPC/E-MUX  system  concept. 

The  thermal  control  provisions  for  SSPC  panelboards  and  provisions  for  high 
reliability  in  the  control  power  supplies  to  SSPCs  or  E-MUX  terminals  at 
remote  panelboards  represent  two  areas  of  desiqn  impact.  These  must  be 
resolved  satisfactorily  to  justify  incorporation  of  the  new  design  conceDts. 

2.1.7  Flexibility  for  Application  to  Diverse  Electrical  Circuits  and 

Loads 

Flexibility  for  application  to  diverse  electrical  circuits  and  loads  is  a 
necessary  prerequisite  to  achieve  the  large  volume  of  SSPC  production  and 
installation  which  is,  in  turn,  necessary  to  achieve  component  cost  reductions. 
This  observation  implies  that  the  impacts  on  electrical  system  design  neces- 
sary for  accommodation  by  different  aircraft  with  different  generator  current 
capabilities  must  be  minimized,  and  that  standardized  modules,  circuits,  and 
component  ratings,  both  SSPC  and  E-MUX , must  be  developed  to  increase  the 
SSPC  and  E-MUX  adaptability  to  future  aircraft  at  lowest  possible  cost.  SSPC 
designs  which  are  usable  for  either  ac  or  dc  circuits,  or  are  adjustable  to 
operate  at  different  trip  ratings  over  a wide  current  range,  will  achieve  the 
highest  rating  in  trade  studies  for  flexibility  and  lowest  life  cycle  cost. 

Each  aircraft  design  model  poses  some  unique  switching  and  load  transfer 
requirements.  Transfer  switching  of  power  sources  or  of  utilization  load 
equipment  from  the  primary  to  the  back-up  configuration  suggests  that  a re- 
versed binary  command  logic  capability  is  desirable;  a binary  1 command  would 
then  switch  SSPC-A  ON  and  SSPC-B  OFF;  while  a binary  0 would  reverse  these 
switching  states.  This  desiqn  provides  a transfer  relay  function.  If 


138 


positive  separation  of  power  sources  must  be  assured  to  avoid  momentary 
parallel  operation,  the  status  circuits  may  be  interlocked  with  the  control 
circuits  of  the  alternate  SSPC  to  require  an  OPEN  status  from  SSPC  #1  to 
enable  a CLOSE  command  to  reach  the  control  circuit  of  SSPC  #2,  and  vice 
versa. 

2.2  MILITARY  TRANSPORT  ELECTRICAL  SYSTEM  REQUIREMENTS 

The  design  requirements  for  the  C-15  electrical  power  system  have  been  expand- 
ed and  supplemented  by  detailed  requirements  derived  from  the  DC-10  commercial 
transport  airplane.  These  requirements  have  been  adapted  for  use  in  defininq 
the  SSPCs,  SSPC  panelboards,  and  the  electrical  multiplex  (E-MUX)  control 
system.  These  requirements  also  define  the  electrical  system  model  and  oper- 
ating environment  within  which  the  SSPC  would  be  operated  and  with  which  they 
must  be  compatible.  The  C-15  Military  Transport  System  defined  in  MDC  Speci- 
fication 15S002,  dated  25  Nov  1976,  is  used  as  the  model  for  this  study. 

Background  information  which  supports  requirements  applicable  to  SSPCs  are 
identified  in  Para.  2.2.1,  requirements  for  the  electrical  power  distribution 
system  are  identified  in  Para.  2.2.2,  and  general  requirements  which  relate 
directly  to  SSPC  design/interfaces  are  listed  in  Para.  2.2.3.  These  require- 
ments are  supplemented  in  some  cases  to  indicate  the  manner  in  which  they 
should  be  interpreted  and  applied.  Detailed  design  requirements  for  SSPCs 
are  provided  in  Para.  2.2.4. 

Additional  requirements  may  be  identified  during  the  initial  Phase  II  study 
if  necessary  to  more  accurately  define  the  interfaces  between  the  SSPCs  and 
the  other  electrical  hardware,  the  user's  electrical  loads,  the  workinq 
environment,  and  the  military  transport  crew. 

2.2.1  Electrical  Power  System  Requirements 

The  following  information  is  provided  as  background  for  the  specific  require- 
ments for  design  of  SSPCs  to  be  used  for  individual  load  branch  circuits. 

(a)  Electrical  Power  Subsystem 

The  electrical  power  subsystems  shall  consist  of  a 115/200  volt,  3 
phase,  400  Hz  ac  supply  and  a 23  volt  dc  supply  and  shall  supply  elec- 
tric power  conforming  with  MIL-STD-704B.  The  subsystem  shall  have  a 
continuous  capacity  which  is  at  least  twice  the  largest  load  existinn 
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for  an  operational  period  of  15  minutes  or  longer,  based  on  the 
load  analysis  of  the  initial  production  aircraft.  The  aircraft 
shall  not  lose  all  ac  or  dc  primary  electrical  power  as  a result 
of  any  combination  of  two  failures.  From  this  requirement, 
it  is  concluded  that  the  power  system  management  function  (E-MUX ) 
must  have  sufficient  redundancy  to  accept  two  failures,  as  a 
minimum,  without  terminating  all  primary  electrical  power. 
Indication  to  the  crew  via  the  caution  and  warning  (alerting) 
system  is  needed  for  both  the  first  and  second  failures. 

AC  Power  Supply 

The  ac  power  system  shall  be  divided  into  two  major  subsystem 
sections,  left  ac  system  and  right  ac  system.  These  are  normally 
isolated,  but  may  be  connected  after  disconnect nq  the  faulted 
portion  of  one  section.  An  emergency  ac  bus  shall  be  orovided  to 
supply  essential,  flight-critical  loads.  The  ac  distribution 
system  shall  be  arranged  such  that  power  source  priority  is 
provided  in  the  order  of  main  generators  first,  APU  generator 
second,  and  external  power  third. 

Generator 

The  generators  shall  be  40  KVA,  3 phase,  120/208  volt,  400  Hz 
brushless  type  generators.  Future  use  of  1200  Hz  generators  and 
VSCF  converters  may  be  considered  in  the  design  of  advanced 
SSPCs,  but  such  an  option  is  not  included  in  this  study. 

Constant  Speed  Drive 

An  axial  gear  differential  type  constant  speed  drive  (CSD)  shall 
be  installed  on  the  engine  accessory  drive  pad  to  drive  each 
main  generator.  A disconnect,  electrically  controlled  by  a 
switch  in  the  flight  deck,  shall  be  provided  for  each  CSD.  The 
oil  system  shall  be  separate  from  the  engine  oil  system. 

Auxiliary  Power 

One  40  KVA,  3 phase,  120/208  volt,  400  Hz  generator,  identical 
to  the  main  engine  generators,  shall  be  mounted  on  the  Auxiliary 
Power  Unit  (APU)  to  serve  as  a source  of  auxiliary  electrical 
power  on  the  ground  or  as  back-up  power  in  flight. 


140 


(f)  External  Power 

It  shall  be  possible  to  energize  the  air  vehicle  electrical  circuits 
from  an  external  3 phase,  115/200  volt,  400  Hz  power  supply  through 
an  external  power  receptacle  conforming  to  AM 3114. 

(g)  DC  Power  Supply 

The  primary  source  of  28  volt  dc  power  shall  be  the  conversion  of 
ac  power  through  transformer  rectifiers.  The  left  and  right  main 
dc  buses  shall  be  normally  isolated,  but  may  be  manually  cross-tied. 

An  emergency  dc  bus  shall  be  provided  to  supply  essential  flight- 
critical  loads.  The  battery  bus  shall  normally  receive  power  from 
both  the  left  and  right  main  dc  buses  and  shall  transfer  to  the 
battery  on  the  failure  of  normal  dc  power. 

(h)  Emergency  Power 

A 28  volt,  nickel-cadmium  battery  and  charger  system  shall  be  in- 
stalled to  provide  emergency  electrical  power  and  APU  starting  capa- 
bility. A solid-state  continuous  duty  inverter  shall  pro\*de 
emergency  ac  power. 

2.2.2  Electrical  Power  Distribution  Subsystem  Requirements 

The  following  requirements  are  provided  for  distribution  system  protection, 

wiring  and  component  design. 

(a)  System  Protection 

A fully  coordinated  protective  system  shall  be  provided  and  shall, 
in  so  far  as  practicable,  discriminate  between  faulted  and  unfaulted 
components  of  the  system  and  isolate  the  faulted  components.  The 
system  shall  be  protected  against  shorts  and  grounds,  open  circuits, 
over  and  under  voltage  , under  frequency  and  incorrect  phase  sequence. 
Circuit  interlock  protection  shall  be  provided  to  prevent  the  connec- 
tion of  large  loads  to  a single  generator  or  combination  of  nenerators 
or  the  system. 

(b)  Wiring 

Wire  harnesses  shall  be  installed  in  compliance  with  MIL-W-5088. 

Cable  routing  control  and  connector  indexing  shall  be  utilized  to 
prevent  improper  mating  of  connectors. 
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(c)  Connectors 

General-purpose  circular  electrical  connectors  shall  meet  the 
requirements  of  MIL-C-33723  and  MIL-C-38999  except  where  interfaces 
with  GFP  or  other  existing  components  may  dictate  special  requirements. 
Coaxial  connectors  shall  meet  MI L-C- 3901 2 reouirements. 

(d)  Circuit  Breakers 

Trip-free  type  circuit  breakers  shall  be  used  to  prevent  wire  damaqe 
and  to  coordinate  with  other  subsystem  protective  features.  Circuit 
breakers  located  in  the  flight  compartment  shall  be  grouped  by  system 
and  aligned  by  buses,  with  mixing  of  ac  and  dc  avoided.  This  require- 
ment is  derived  from  the  C-15  military  transport  and  shall  apply  in 
all  cases  where  SSPCs  do  not  replace  the  thermal  circuit  breakers. 
Insofar  as  practical,  the  same  requirements  should  be  used  for  SSPC 
application  (e.g.  purpose,  coordination,  grouping,  alignments,  and 
avoidance  of  mixed  ac  and  dc  systems)  at  all  locations. 

2.2.3  General  Requirements  For  SSPC  Design  And  Electrical  Power 

Subsystem  Interfaces 

The  following  requirements  are  provided  for  interfaces  between  SSPCs  and  the 
electrical  power  system. 

(a)  Power  Neutral /Negative  Reference 

The  aircraft  structure  shall  be  used  as  the  normal  negative  or  neutral 
(reference)  side  of  the  electrical  power  system  and  load  circuits. 

(b)  Signal  Isolation 

Cross-connections  between  redundant  electrical  control/status  sional 
paths  shall  be  eliminated  or  minimized,  and  such  systems  shall  be 
electrically  isolated.  Separate  data  buses,  each  dual-redundant,  will 
be  required  and  physically  isolated  for  the  left  and  rioht  electrical 
power  subsystems. 

(c)  Physical  Separation 

Wire  runs  and  components  in  redundant  power  supply  and  control  paths 
shall  be  physically  separated.  To  meet  this  requirement,  E-f’UX 
terminals,  feeders,  SSPC  panels,  and  data  buses  must  be  physically 
separated  and  isolated. 
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(d)  Load  Assignment 

Loads  shall  be  assigned  specifically  to  one  subsystem,  either  left  or 
right.  Redundancy  shall  be  obtained  by  duplication  of  critical  load 
functions,  with  one  such  load  supplied  by  each  separate  electrical 
subsystem.  Separate  distribution  circuits  shall  be  used  to  supply 
power  to  such  redundant  load  systems. 

2.2.4  Detailed  Requirements  For  SSPC  Design  And  Electrical  Power 

Subsystem  Interfaces 

The  following  statements  are  provided  to  identify  the  functional,  operational, 
technical,  environmental,  safety  and  general  requirements  imposed  on  the  SSPC 
by  the  military  transport  application. 

(a)  Functional: 

The  SSPC  shall  provide  consistent  and  repeatable  circuit  switching 
and  overload  (over-current)  tripping  characteristics.  Means  shall 
be  provided  to  indicate  that  the  passive  protective  features  of  the 
system  are  operative.  This  may  be  accomplished  by  either  continuous 
or  cyclic  monitoring  or  by  routine  testing,  and  without  disconnectina 
functional  circuits. 

Means  shall  be  provided  that  will  preclude  the  cycling  of  an  SSPC 
supplying  power  to  a faulted  circuit  or  to  a short-circuited  power- 
using device.  If  SSPC  reclosing  is  desired  after  an  overload  trip, 
it  shall  be  provided  under  the  control  of  external  logic  circuitry. 
Such  logic  will  be  used  also  in  a lockout  mode  to  prevent  reenergizinq 
the  faulted  circuit  from  an  alternate  source. 

The  status  of  any  protective  function  network  which  is  passive  in  anv 
system  operational  mode  shall  be  capable  of  being  evaluated  and  dis- 
played without  disconnecting  any  electrical  or  mechanical  connection. 

Built-in-test  (BITE)  facilities  shall  be  provided  or  available  such 
that  the  malfunction  of  any  line  replaceable  unit  (LRU)  can  be  appro- 
priately displayed,  either  locally  or  remotely,  after  all  power  has 
been  removed  from  the  airplane.  Power  restoration  to  reactivate 
the  display  system  may  be  considered  in  order  to  meet  this  reouire- 
ment. 
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Signals  extraneous  to  the  proposed  equipment  which  are  considered 
necessary  to  the  collection,  processing,  or  display  of  BITE  data  will 
be  allowable,  but  should  be  kept  to  a minimum.  These  signals  shall 
not  contribute  to  a reduction  in  reliability  of  the  SSPC  in  performing 
its  primary  function  and  purpose. 

The  BITE  concept  may  use  the  normal  annunciation  and  status  functions 
of  the  SSPC  but,  in  addition,  it  must  allow  BITE  verification  of  the 
functional  readiness  of  the  SSPC  status  function  as  well. 

A manually  initiated  remote  indication  of  the  state  of  readiness  of 
the  SSPCs  using  the  BITE  facilities  if  deemed  appropriate,  is  desire- 
able  for  pre-flight  test  operations  by  the  flight  crew.  A secondary 
mode  is  desirable  to  reduce  pre-flight  check  time. 

The  SSPCs  shall  be  designed  to  avoid: 

(1)  Cycling  due  to  a crew-initiated  or  automatically  initiated 
action. 

(2)  Uncontrolled  closure  or  reclosure  into  a fault  when  the  SSPC 
remote  command  status  is  CLOSE  or  ON.  If  reset  manually, 
the  SSPC  control  assembly  may  reset  (reclose)  only  once  upon 
a fault  (if  allowable);  then  it  shall  trip  and  remain  tripped 
as  long  as  the  control  switch  is  held  manually  in  the  RESET 
position.  An  equivalent  logic  shall  be  provided  to  minimize 
the  system  disturbance  from  reclosing  into  faulted  electrical 
circuits  if  this  function  is  performed  automatical lv  throuqh 
the  E-MUX  system. 

(b)  Operational: 

The  status  sensing  and  display  circuit  of  the  SSPC  shall  distinguish 
between  an  overload  trip  and  a commanded  trip,  and  shall  retain  such 
information  until  an  over-ride  or  CLOSE  command  is  given  which  resets 
the  trip  status  loqic. 

The  SSPC  design  lifetime  shall  be  TBD  hours  and  TBD  cycles  of  operation, 
minimum.  (Note:  The  aircraft  design  requirements  are  20  years  total 
elapsed  time,  including  5 years  of  shelf  storage  tine  for  snare  Darts, 
60,000  hours  of  flight  tine  and  50,000  landings,  plus  appropriate 
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ground  operation  and  maintenance  time  allowances.  The  average 
flight  duration  is  assumed  to  be  1.2  hours.) 

The  SSPC  protective  circuits  shall  not  cause  undesired  (nuisance) 
tripping  of  the  SSPC  when  applied  over  the  full  range  of  aircraft 
electrical  system  operating  conditions,  including,  but  not  limited 
to,  engine  startup  and  electrical  bus  switching.  Undesired  tripping 
due  to  voltage  or  current  transients  shall  not  occur  in  any  oneratinq 
mode.  This  restriction  shall  include,  but  not  be  limited  to,  faults 
in  other  circuits,  circuit  switching,  bus  paralleling,  load  variations, 
SSPC  or  RCCB  resetting,  engine  speed  transients,  and  generator  fre- 
quency or  voltage  excursions  permitted  by  MIL-STD-704B. 

Nuisance  lockouts  of  the  SSPC  shall  not  occur  under  any  operating 
condition. 

False  triggering  (defined  as  non-commanded  change  of  stats)  of  the 
SSPC  shall  not  occur  as  the  result  of  noise  (EMI)  coupled  into  output, 
input,  or  control  conductors.  The  noise  injection  modes  and  the  peak 
voltage  content  of  transient  voltage  spikes  shall  be  as  Drescribed  in 
RTCA  document  D0-160,  with  600V  minimum  in  the  pulse-forming  coupled 
circuit. 

(c)  Technical: 

The  electrical  power  circuits  shall  be  physically  and  electrically 
isolated  from  the  control  circuits  within  the  SSPC  and  within  any 
assembly  of  SSPCs. 

The  SSPC  shall  be  compatible  with  electrical  power  sources  which  are 
in  compliance  with  MIL-STD-704B , and  with  all  aircraft  electrical 
loads  (unless  specified  otherwise). 

The  SSPC  shall  be  compatible  with  the  automatic  electrical  nower 
management  system  (E-MUX)  system  terminals. 

The  SSPC  shall  be  compatible  with  conventional  thermal  or  thermal/ 
magnetic  circuit  breakers  used  to  protect  the  feeder  conductors  to 
the  SSPC  panels. 
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Proven  design  principles,  materials,  and  construction  are  preferred 
to  minimize  special  training  or  tools,  and  to  minimize  unusual 
maintenance/repair  procedures. 

When  multiple  SSPCs  are  supplied  by  common  circuits  or  common  sources 
of  power,  means  for  establishing  redundancy  shall  be  provided  within 
a PC  card  or  within  a single  SSPC  panelboard. 

Wire  sizes  shall  be  compatible  with  the  maximum  load  current  ratinq 
of  the  device.  Internal  protection  shall  be  compatible  with  the  smoke 
curves  of  the  wire  sizes  used. 

No  copper  wire  smaller  than  AN24  shall  be  used.  When  used,  AN24  shall 
be  designed  for  crimped  (not  soldered)  terminals,  and  strain  relief 
shall  be  provided  at  connections. 

No  wire  smaller  than  AN20  will  be  allowed  in  areas  normally  subject 
to  high  vibration  or  extreme  environmental  conditions. 

No  aluminum  wire  shall  be  used  within  the  3SPC  or  the  panelboard 
assembly. 

All  wiring  within  SSPC  panelboards  shall  run  in  open  harnesses,  shall 
be  well  secured  and  supported,  shall  be  without  splices,  and  shall  be 
physically  secured  by  clamping  at  terminating  ends,  at  terminal  strips 
or  near  terminating  connectors. 

Where  wiring  goes  through  cutouts  in  structural  elements,  hard  insu- 
lating grommets  or  equivalent  protection  shall  be  used. 

The  selection  of  microcircuit  devices  shall  be  limited  to  off-the- 
shelf  items  with  proven  reliability  and  performance.  This  requirement 
does  not  deny  the  use  of  newly-developed  nor  special  LSI  devices,  for 
example,  but  such  elements  should  be  of  assured  supply  or  should  be 
second-sourced. 

Device  maturity  and  standardization  are  a prerequisite,  and  it  is 
recommended  that  the  applicable  sections  of  MI L-S-l 9500  be  used  as  a 
guideline  in  the  procurement  of  all  microcircuit  devices. 

Provisions  shall  be  incorporated  in  the  solid-state  assemblies'  dielec- 
tric isolation  to  avoid  effects  of  stray  capacitance  or  leakane 
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circuits. 

Internal  reference  grounds  and  provisions  for  external  structural 
grounds  shall  be  made  such  as  to  protect  the  SSPC  and  E-MUX  logic 
elements  and  microcircuitry  from  stray  fields,  electromagnetic  inter- 
ference (EMI ) with  the  SSPCs  by  external  fields,  or  EMI  by  the  SSPC 
upon  external  system  elements. 

(d)  Environmental: 

The  SSPCs,  SSPC  panels  and  associated  circuits  shall  be  compatible 
with  ambient  temperatures  from  -40°F  (-40°C)  to  +120°F  (+49°C),  with 
normal  pressure  altitudes  from  -1000  feet  to  +8500  feet  above  mean 
sea  level  (MSL)  and  shall  withstand  and  remain  functional  for  at  least 
10  minutes  at  an  altitude  of  42000  feet  above  MSL. 

The  environmental  control  provisions  shall  not  require  significant 
active  heat  removal  techniques  such  as  would  impact  the  aircraft 
design  or  such  that  would  impede  or  unduly  complicate  maintenance 
accessibility  and  procedures. 

If  active  cooling  means  (e.g.  liquid  cold-plating,  ducted  air  blowers, 
or  fans)  are  required  for  operation  under  specified  thermal  environ- 
ments, interlocking  means  shall  be  provided  to  prevent  inadvertent 
operation  under  adverse  conditions.  Redundancy  and/or  appropriate 
override  controls  may  be  incorporated  to  permit  SSPC  operation  when 
acceptable  temperatures  are  restored  or  when  other  considerations 
permit  time-limited  or  load-limited  operation. 

Forced  air  cooling  may  be  provided  in  a separate  enclosure  or  Dlenum 
for  common  support  of  several  SSPCs  within  a common  structure  or  panel. 

Conduction  cooling  may  use  aircraft  structure  as  a heat  sink;  however, 
temperatures  of  the  aircraft  surface  skin  and  the  outer  or  upper 
structural  members  may  be  well  above  1Q0°F  in  an  unpowered  ground 
storage  mode;  and  further,  adequate  interfacinn  contact  surfaces  and 
heat  flow  paths  must  be  available. 

Convection  cooling  may  use  ambient  air  as  a heat  sink,  provided  that 
adequate  heat  transfer  surfaces  and/or  fins  and  clear  adjacent  air 
spaces  are  available.  The  ambient  air  may  be  as  high  as  150°F  in 
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some  overhead  compartments  and  in  locations  adjacent  to  the  outer 
skin  in  an  unpowered  ground  storage  mode.  The  cockpit  and  cargo  com- 
partment may  be  up  to  135°F  when  no  power  is  supplied  to  the  aircraft. 

(e)  Safety: 

Logic  signals  and  annunciation  logic  must  provide  100"  accuracy  of 
information  identifying  the  switching  state  (CLOSED,  OPEN,  or  TRIPPED). 
Such  information  must  remain  valid  upon  loss  of  primary  power  to  the 
SSPC;  or,  alternatively,  the  SSPC  must  OPEN  upon  loss  of  primary 
power. 

Status  information  must  remain  valid,  after  removal  of  power  from  the 
SSPC,  either  by  means  of  separate  control/ status  circuit  excitation  or 
upon  reapplication  of  primary  power  to  the  SSPC.  Manual  or  manually- 
initiated  means  shall  be  available  for  closing  and  tripping  the  SSPC 
and  for  resetting  the  SSPC  circuit  status  display.  Manual  reclosinq 
shall  clear  or  reset  the  power  status  display. 

Opening  or  tripping  the  SSPC  shall  remove  any  voltage  from  the  output 
which  could  be  sensed  by  a maintenance  crewman.  If  a low  residual 
voltage  is  essential  to  the  power  switch,  auxiliary  means  shall  he 
provided  to  remove  it  in  order  that  low-power  logic  or  interlocking/ 
sequencing  circuits  are  not  defeated. 

Faults,  overloads,  or  malfunctions  within  the  LRU  shall  be  removed  by 
automatic  protective  devices  or  functions  provided  within  the  unit 
(LRU)  or  in  common  with  a group  of  LRUs. 

The  SSPC  design,  assemblies,  and  operational  characteristics  shall  be 
compatible  with  Federal  Aviation  Regulations  (FARs),  Part  25,  1 Feb. 
1965,  with  Amendments  1 through  16,  as  currently  revised/amended. 

(f)  Cost: 

The  potential  hardware  cost  must  be  minimized  to  permit  competitive 
comparisons  with  existing  conventional  power  controllers. 

Fault  isolation  and  either  repair  or  replacement  at  LRU  level  shall  be 
possible  within  a period  of  20  minutes  for  any  failure  mode  and  any 
location  by  a single  maintenance  crewman. 
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The  design  value  used  for  weight  reduction  shall  be  $400  per  pound, 
based  on  life  cycle  cost  and  payload  value.  (See  Para  2.1.3  for 
discussion). 
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The  maintenance  unit  cost  assumed  for  design  shall  be  TDD  per  main- 
tenance manhour  (fflH)  when  performed  off-aircraft. 

(g)  General: 

The  SSPC  assembly  and  panels  shall  include  complete  provisions  for 
unit/module  thermal  control,  structural  mounting/supports,  physical 
protection,  external  electrical  wiring  connections  (Afl-tyne  connectors 
are  standard),  identification,  and  necessary  local  controls  and  inter- 
locks. Provisions  shall  be  made  for  status  verification  and  functional 
testing  in  place  without  unit  removal,  although  panel  covers  or  termi- 
nal strip  covers  may  be  removed. 

The  panelboard  enclosure  and  its  associated  electrical,  structural,  and 
mechanical  features  shall  provide  space  for  expansion  sufficient  for 
the  future  addition  of  20  percent  more  SSPCs  without  relocation  of 
the  existing  SSPCs. 

The  SSPC  shall  operate  reliably  within  the  acceptable  current-vs. -time 
limits  specified  by  MIL-P-81653  when  supplied  by  power  at  an  innut 
terminal  having  the  quality  defined  by  MIL-STD-704B  (re:  overvol tane, 
undervoltage,  overfrequency,  underfrequency). 

The  SSPCs  shall  be  grouped  within  the  panelboard  according  to  the 
controlled  systems  and  shall  be  aligned  by  buses.  AC  and  dc  buses 
shall  not  be  mixed  within  a single  panelboard  or  a common  enclosure. 

The  SSPCs  or  RCCBs  which  are  essential  to  flight  will  have  their 
controlling  hardware  (e.g.  central  computer  terminal,  E-MUX  control 
center,  or  manual  remote  control  switch)  located  in  the  flight  com- 
partment within  reach  of  one  or  more  crew  members  seated  at  a normal 
flight  station. 

If  removable  fuses  or  limiters  are  used,  at  least  50?.  snare  fuses  or 
limiters  shall  be  provided  and  secured  in  an  accessible  adjacent 
location. 
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2.3  ELECTRICAL  LOAD  AMD  PANEL  ANALYSIS 

A major  task  of  this  study  was  to  model  the  C-15  electrical  power  system  in 
detail.  This  task  included  identification  and  physical  location  of  the  elec- 
trical loads,  determination  of  the  load  circuit  currents  and  the  protective 
device  (SSPC  or  RCCB)  ratings,  determination  of  SSPC  spares  requirements, 
location  of  the  electrical  panels,  and  sizing  of  the  feeders  to  supply  the 
panels. 

The  following  paragraphs  describe  the  study  methods  and  provide  the  study 
results  for  the  C-15  electrical  system  load  and  panel  analyses. 

2.3.1  Electrical  Load  Analysis 

The  C-15  electrical  load  analysis  is  partially  derived  from  comouter  print- 
outs which  show  the  type,  voltage,  number  of  phases,  load  criticality,  and 
power  factors  of  each  electrical  load.  These  also  show  the  operating  time 
during  each  phase  of  operation  from  aircraft  loading  to  landing,  during 
emergency  and  during  ground  service  periods.  The  averaqe  power  demands  in 
Watts  and  Vars  are  also  shown  for  each  load,  for  5 second  (momentary^  minute 
(short-time),  and  15  minute  (sustained)  periods  of  time;  again  for  each  air- 
craft operating  condition.  The  operating  pov/er  system  load  profile,  in 
histogram  format,  shown  in  Figure  1-3,  was  derived  from  the  original  C-15 
operational  load  analysis. 

The  C-15  program  was  discontinued  prior  to  completion  of  its  final  load 
analysis.  It  was  necessary  for  this  study,  therefore,  to  extrapolate  appropri- 
ate data  from  DC-10  and  DC-9  load  analyses  for  similar  loads  known  to  be 
needed  for  the  C-15  aircraft. 

A detailed  study  was  made  of  the  locations  of  all  the  identified  electrical 
loads  of  the  C-15  airplane.  The  detailed  load  lists  are  contained  in  Appendix 
A,  and  the  detailed  load  location  listings  are  provided  in  Appendix  B.  Loads 
less  than  0.5  ampere  were  listed  only  for  critical  categories  or  when  these 
loads  could  be  grouped  for  supply  by  a sinale  SSPC  (e.g.  instrument  lights). 

2.3.2  Electrical  Panel  and  Feeder  Analysis 

The  SSPC  or  RCCB  to  control  each  load  circuit  was  assigned  to  an  appropriate 
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panel  board  located  near  the  electrical  center  of  the  group  of  loads  which  it 
serves.  Figure  2-4  shows  the  approximate  locations  of  the  panel  hoards. 

The  original  locations  for  the  Electrical  Power  Centers  (EPCs)  were  in  the 
bulkheads  between  the  cockpit  and  the  forward  cargo  bay,  at  Station  375. 

This  location  was  initially  established  for  the  benefit  of  accessibility  by 
the  crew  for  conventional  CB  and  RCCB  units.  The  SSPC  and  RCCB  design  concept, 
however,  would  permit  the  EPCs  to  be  located  near  the  leading  edge  wing  roots 
on  each  side  of  the  cargo  bay,  at  Station  675.  This  would  save  about  300 
inches  (25  feet)  of  AL  1/0  (3  wire)  feeder  for  each  generator.  The  optimum 
location,  however,  must  also  consider  the  added  weight  of  feeders  to  the 
panels  supplying  the  bulk  of  the  loads  and/or  the  load  circuits  from  the 
panels.  The  primary  location  now  selected  for  both  EPCs  is  at  Station  450, 
with  an  alternate  location  at  Station  675  subject  to  future  design  review. 

The  SSPC  or  RCCB  size  (trip  rating)  was  established  for  each  load  by  the 
following  procedure: 

An  ideal  rating  was  determined  for  which  the  actual  connected  load  would  not 
exceed  75%  of  the  trip  rating.  The  proper  SSPC/RCCB  size  was  then  selected 
to  be  the  next  larger  standard  rating  from  the  following  ampere  ratings: 

0.5,  JJ5,  2L0,  3.0,  5J),  2JL»  JO,  15,  20,  25,  30,  40,  50,  75,  30,  100,  125, 

150,  175,  and  200.  The  underlined  ratings  are  those  for  which  the  initial 
Telephonies  SSPC  designs  are  provided  by  this  study.  If  the  ideal  size  was 
very  close  to  an  SSPC  rating,  however,  the  closest  size  was  selected  (e.g. 
an  10A  SSPC  was  selected  for  an  ideal  size  of  10. 6A  to  protect  an  3.0A  load). 

A derating  factor  of  80*  conforms  with  acceptable  aircraft  design  practice  to 
avoid  nuisance  trips. 

Ratings  of  15A  up  to  100A  are  now  expected  to  be  RCCBs,  although  hybrid  power 
controllers  of  these  higher  current  ratings  are  presently  being  designed. 
Protective  devices  over  100A  are  presently  power  relays  with  overcurrent 
sensed  by  current  transformers  (CTs)  and  overcurrent  (0C)  relavs,  fuses  for 
major  loads,  or  limiters  for  feeders  between  buses. 

The  panel  boards  supplied  by  Generators  1 and  2 were  located  adjacent  to  one 
another  on  the  left  side  of  the  airplane,  in  order  to  allow  common  E- f4UX 
terminal  control  with  the  control  power  derived  redundantly  from  both  po wer 
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Figure  2-4.  Panel  Board  Location  Plan 


sources.  A similar  arrangement  was  made  on  the  right  side  of  the  airnlane 
for  panel  boards  supplied  by  Generators  3 and  4.  Additional  sources  of 
control  power  can  be  derived  from  the  co-located  dc  nanels.  A load  summary 
for  each  panel  board  is  provided  in  Appendices  C and  D.  The  load  summaries 
provide  the  panel  board  and  load  identification  codes,  load  currents,  SSPC 
or  RCCB  trip  ratings,  SSPC  sparing  and  spare  current  allowances,  the  total 
currents  per  panel  (with  spares),  the  panel  feeder  sizes,  current  capacities 
and  the  feeder  lengths. 

3.3.3  Electrical  Panel  Design  Features 

The  load  analysis  shows  that  a variety  of  protection  device  sizes  are  required 
in  each  area,  ranging  from  less  than  0.5A  to  over  1Q0A.  In  order  to  provide 
power  supply  feeder  and  bus  efficiency,  the  panel  boards  should  be  designed 
with  the  flexibility  to  accommodate  both  SSPCs  and  E-MlJX-compatibls  RCCDs. 

These  may  be  located  in  common  panel  enclosures  with  configured  bus  connectors, 
or  they  may  be  located  in  adjacent  panel  sections  with  common  bus-entrance 
designs  to  tie  the  feeder  buses  between  the  panels.  A modular  desinn  based  on 
multiples  of  four  units  (SSPC  or  RCCB)  was  used  for  the  load  and  panel 
analysis.  One  concept  for  panel  arranoement  is  shown  in  Figure  2-5  for  E-FT.X 
control  of  a single  panel  board.  An  alternate  panel  arrangement  for  E-MUX 
control  of  multiple  co-located  panel  boards  is  shown  in  Figure  2-6. 

Many  loads  are  flight-critical  loads  for  which  a loss  of  control  or  power 
cannot  be  tolerated.  Manual  selection  and  control  of  these  loads  will  be 
provided  by  the  design  now  used  for  RCCBs,  consistinn  of  an  Indicator  Control 
Unit  (ICU)  in  the  cockpit.  The  IC'J  is  a small  push-button  CB  which  controls 
the  Trip/Close  function  of  the  RCCB  and  is  tripped  when  the  RCCB  trios, 
indicating  the  state  of  the  RCCB.  This  method,  usino  4-5  Vdc  control  voltage, 
is  proposed  for  both  SSPCs  and  RCCBs  which  serve  flight-critical  non-inter- 
ruptible  loads.  The  ac  loads  which  are  designated  as  flight  essential  and 
will  be  supplied  by  a separate  emergency  ac  bus  (PA'IEL  AC-EMERGEIICY  BUS  E) 
are  listed  in  Table  C-5.  This  bus  will  be  supplied  by  Generator  Bus  2 durino 
normal  conditions  and  by  the  Main  Battery  through  the  Emergency  Inverter  durino 
an  emergency  operating  condition.  A ganged  manually  operated  Emergency  Power 
switch  is  used  to  simultaneously  switch  the  Emergency  Inverter  to  batter-/ 
power  supply,  the  DC  Emergency  Bus  E to  batter;/  power  supply,  and  the  AC 
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Figure  2-5.  E-MUX-Controlled  SSPC/RCCB  Panel  Board  - Sinale 
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Emergency  Bus  AE  to  the  Emergency  Inverter.  Flight-essenf'al  dc  loads  are 
similarly  assigned  to  the  emergency  dc  bus  (PANEL  DC-EMERGENCY  BUS  E),  or 
to  PANEL  DC-BATTERY  BUS  BB  or  PANEL  DC-BATTERY  DIRECT  BUS  BD,  according  to 
the  degree  of  criticality  to  flight  or  the  need  for  battery  power  when 
engines  are  not  operating. 


2.4  ELECTRICAL  SYSTEM  FAULT  CURRENT  ANALYSIS 

The  designs  of  the  SSPCs  require  a determination  of  the  maximum  expected  fault 
currents  under  the  worst  fault  conditions,  in  order  to  establish  the  tripping 
current  duty  requirements  of  the  SSPCs  for  the  specified  system  and  generator 
capability.  This  task  was  accomplished  for  both  three-phase  and  single-phase 
faults  located  at  the  electrical  power  centers  (EPC)  or  at  the  SSPC  panels. 

The  subtransient  symmetrical  and  asymmetrical  fault  currents  (rms  and  peak 
instantaneous),  the  transient  fault  currents,  and  the  steady-state  fault 
currents  were  calculated.  The  effects  of  generator  field-pole  saliency,  of 
a remote  point  cf  regulation  at  the  EPC,  and  of  a 100%  pre-loadof  40  KVA  at 
0.75  PF  lagging  v/ere  included  in  the  calculations. 

2.4.1  Generator  Characteristi cs 

The  generator  proposed  for  the  C-15  airplane  is  the  Lear  Siegler  P/N  31229 
used  on  the  DC-8  Series  60  airplane.  Increased  airflow  for  Class  B cooling 
per  MIL-G-6099A,  Amendment  1,  gives  this  generator  a nominal  rating  of  30/40 
KVA.  The  electrical  characteristics  for  this  generator  were  obtained  from  the 
manufacturer.  This  parametric  data  is  based  on  a 40  KVA  base  rating. 


Parametric  Data: 
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108.0% 

11.8% 


7.05% 

18.4% 

2.21% 

3.58%  (est.  from  earlier  DC-8  machine) 


27.6% 

120%  (with  quad-axis  damper  bars) 
18.1% 

18.7% 
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Tdo  = 0.215  sec 

Ta  = 0.0012  sec 

Td  = 0.0318  sec 

Td  = 0.005  sec 

Rstator  = °*^355  ohm  at  20°c 
Rfieid  = 1*97  ohm  at  20°C 
Eddy  Factor  = 1.1  - 1.0 

2.4.2  Generator  Internal  Voltage  (E^) 

(a)  With  saliency,  100%  pre-load  at  1.0  PF,  and  fault  at  generator 
terminals. 

Ef  = 2.083  /49. 28°  p.u.  = 239.6  /49.28°  volts 

(b)  With  saliency,  100%  pre-load  at  0.75  PF,  lagging  and  fault  at 
generator  terminals 

Ef  = 2.627  /25. 8°  p.u.  = 302.1  /25.8°  volts 

This  shows  the  reduction  of  real  shaft  power  at  75%  P.F.,  and  the 
increase  of  internal  excitation  by  26%  to  maintain  rated  terminal 
voltage. 

(c)  Similar  conditions  to  (b),  but  a different  method  of  computation  is 
used  to  provide  subtransient  E’^  and  I£,  transient  E^  and  I ^ , and 
steady  state  Ef  and  1^  for 

E£  = 1.1493  /5.8°  p.u.  = 132.2  /5.8°  volts 

I£  = 6.3497  = 705.0  amperes 

l'f  = 1.168  /25,9°  p.u.  = 134.3  /25.9°  volts 

1 1 = 4.2334  p.u.  = 4 70.0  amperes 

Ef  = 2.627  /25. 8°  p.u.  = 302.1  /25.8°  volts 

1^.  = 1.412  p.u.  = 156.8  amperes 

2.4.3  Conductor  Impedances  For  C-15  Aircraft  .'lodel 

42  CU : 0. 1 79P.dc  at  20°C  per  1000  ft 

Z = 0.188  + j 0.206^/1000'  = 0.279  /47.6oa/^000, 
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#1/0  A*:  0.169fidc  at  20°C  per  1000  ft 

Z = 0.183  + j 0.2040/ 1000*  = 0.277  /47 . 3°0/l OOP1 


2.4.4  C-15  Model  Generator  Feeder  Impedances 

V. 


t4 


#4 


t3 


#3 


#2  Cu  n # 1/0  A i 
|_j— S Same  as  #1 


#2  Cu  n #1/0  A i 
(J— <»  Same  as  #1 


'POR 


t5 


Remote  Point  of  Regulation  (POR)  is  at  the  ECP  bus;  then 
Ebus=1-0^ 

Generator  #1  or  #4:  R^  + jX^  = 14.76  + j 16.06  mil  = 21.31  /47.42  mQ 
Mote:  Voltage  drop  at  rated  I = 111.03  x 21.81  x 10”^  = 2.42  volts 
Generator  #2  or  #3:  R^  + jX^  = 12.5  + j 13.61  nG  = 18.48  /47.43°  pO 
APU  Generator  #5;  + jX  g = 18.06  + j 19.61  m.n.  = 26.66  /47. 36°  irO 
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Terminal  Voltages  when  EPC  bus  is  POR: 

Vtl  = Vt4  = IZ1  + VP0R  * 2.42/6^°  + 115.0/0°  = 117.4  volts 
Vt2  = Vt3  = 2.05/6.0°+  115/0°=  117.4  volts 
Vt5  = VAPU  = 2-96/6.0°+  115.0/0°  = 118.0  volts 


2.4.5  Three-Phase  Fault  at  EPC  with  100%  Pre-Load 

Three-Phase  fault  at  the  electrical  power  center  (EPC)  with  0.75  PF  100% 

pre-load  and  regulation  at  EPC: 


Eb=  1.0/0° 

= 1.0  /-41 . 4°  = 0.75  - j 0.661  for  1.0  pu  load  at  75%  PF  lagging 

0 = -41.4°;  6 = 25.64° 

Id  = Iasin  | 6+  e| 7-22.96°  = 0.92087-64.36° 

1 = Iacos  J 5-t-0|  /67.04°  = 0.3901  /25.64° 

Rstator  = °-035:,n  at  20°c  = 0-9246  x 0.0355  = 0.0328  pu 

(a)  Fault  contribution  for  outboard  generators  #1  or  #4. 

(The  detailed  calculations  are  shown  in  subparagraph  (b),  and  the 
results  are  listed  below): 

E£  = 1.1692  /5.8°  pu 

= 663.0  /-84. 2** A (syronetrical ) = 5.9714  /-84.2°  pu 

E'f  = 1.1874  /25.6°  pu 

= 453.4  /-64.4°  A (symmetrical)  = 4.0832  7-64.4°  pu 

Ef  = 2.6459  /25.6°  pu 

1^  = 156.7  7-64.4°  A (symmetrical)  = 1.4113  7-64.4°  pu 

(b)  Detailed  calculation  of  three-phase  fault  at  EPC  for  generators  g 1 or  #4: 

Rl1  = 3.76  + 10.25  + 0.75  = 14.76  nfl  X 0.9246  = 0.0136  pu 

X j = 4.12  + 11.12  + 0.82  = 16.06  ittf  X 0.9246  = G.0148  pu 

The  following  assumes  that  5 is  not  signi ficantly  changed  by  R and 


Subtransient  Condition: 


■ Ebus  * 'a  <W  * j'd'W  * jyw  ■ '-'692 


F" 

r:  = f 

T TTT 


= 5.9714  7-34.2°  pu  = 5.9714  x 111.03  /-84.2t 


d tl 


= 663.0  /-84.2°  A (symmetri cal ) 

Transient  Condition: 

Ef=Ebus+Ia  (V^l^^d^^VW 
= 1.1874  725.6° 
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I'  = Ef 
• ttm 


= 4.0832  7-64.4°  pu  = 4.0832  x 111.03  /-64.4C 


= 453.4  /-64. 4aA  (symmetrical) 


Steady-State  Condition: 


E*  = Ebus+V  VR°+jI^+Xl)+jI"(X"+Xil)  " 2.6459  /25.6 


1.4113  7-64.4°  pu  = 1.4113  x 111.03  /-64.4C 


= 156.70  /-64.4°  A (symmetri cal ) 

Note:  The  dc  decay  (decrement)  component  depletes  more  rapidly  than 
the  subtransient  current  component,  and  the  current  envelope 
is  symmetrical  between  phases  at  the  time  of  the  transient 
condition.  Excitation  increases  the  delivered  current  to  250A 
(symmetrical)  for  5 seconds  (guaranteed). 

(c)  Fault  contribution  from  inboard  generators  4 2 or  #3. 

= 1.1642  /6.1° 

I'J  = 6.0134  7-83.9°  pu  = 667.7  /-83.9°  A (synun) 

E^  = 1.1845  /25.6° 

l'f  = 4.1043  7-64.4°  pu  = 455.7  /-64.4  A (symm) 

Ef  = 2.6431  725.63° 

If  = 1.4114  7-64,4°  pu  = 156.7  /-64.4°  A (symm) 

The  formulas  to  arrive  at  the  above  equalities  are  the  same  as  used 
in  subparagraph  (b),  except  that: 

R 2 = 12.5  ran  = 12.5  X 0.9246  = 0.0116  pu 

X 2 = 13.61  mn  = 13.61  X 0.9246  = 0.0126  pu 

(d)  Fault  contribution  from  APU  generator  #5: 

Using  the  same  formulas  of  subparagraph  (b),  but  with: 

Ra5  = 18.06  mn  X 0.9246  - 0.0167  pu 

Xi5  = 19.61  mn  x 0.9246  = 0.0181  pu 
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Then: 

E"  = 1.1738  /5,8° 

I"  = 5.8955  /- 84.2°  pu  * 654.6  /- 84.2°  A (symmetrical ) 
E^  = 1.1916  /25.5° 

1^  = 4.0517  /-64.5°  pu  = 449.9  /-64.5°  A (symmetrical) 
Ef  = 2.6502  /25.6° 

I ^ = 1.4111  /-64. 4°pu  = 156.7  /-64.8°  A (symmetrical) 


(e)  Asymmetry  and  Time  Constants 


T = 0.0022  sec  (calculated)  = 1 cycle  required  for  the  dc 

3X 

offset  current  due  to  asymmetry  to  decay  to  1/e  of  its 
original  value 

Tjjx  = 0.005  sec  =■  2 cycles  for  subtransient  ac  current  to  decay  to 
1/e  of  the  difference  between  I£  and  1^ 


Tdx 


al 


a2 


= 0.0318  sec  - 12  cycles  for  the  transient  ac  current  to  decay 
to  1/e  of  the  difference  between  and  Is$. 


a4 


= T 


a3 


yxti 

2-rrf  (ra+rx.1 ) 
X2+Xz2 


- 0.0017  sec  ■=  3/4  cycle  for  dc  decay 
with  line  impedance 
= 0.0018  sec 


T" 

dl 


2nf (ra+rt2) 

Tn  ra  (Xd1  + XiO  _ n nmo 
Tdx  XJ"  (ra"+_ reT)  ' °-0038 


Td2  = sec  ? cycle 

The  peak  instantaneous  value  of  the  current  envelope  with  100% 
symmetry,  due  to  a fault  ocurring  at  the  moment  of  peak  current  in  one 
phase,  is  obtained  by  multiplying  the  symmetrical  current  values  by  the 
factor  2 = 2.828.  This  value  occurs  only  at  the  initial  moment  of 

fault  (t  = 0).  The  effect  of  asymmetry  decays  to  1/e  of  its  initial 
value  in  T seconds.  The  value  I"  decays  toward  I'  with  a time 
constant  T£x,  and  I decays  toward  I$s  with  a time  constant  of  T^. 

The  asymmetry  thus  produces  peak  instantaneous  current  of  2\l?  P or 


j 
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maximum  rms  current  of 

V(  ^j)z+dx)z  = x 

The  complete  equation  for  the  asymmetrical  rms  current  envelope,  as 
shown  in  Figure  2-7,  is: 

I 

!xn»s  ■ < ♦ (i;-i;)e-t/T«  * (i;-Ixss)rt/Txe  * Iss 

TV  = 0.0318  sec 
d 

With  external  circuit  resistance  re  and  reactance  Xg: 

(Xd  ) (Xd'+Xe)  „ n,„  (1.86  ) (0.276  + Xe) 

Tde  = Td  {ir?)  “ 0,032  (075)  (1.86"+  xe  ) 


For  generator  #1  & #4:  Xg  = 0.016,  4 = 0.034  sec 

For  generator  #2  & #4:  Xg  = 0.014,  T^g  2 3 = 0.033  sec 
For  APU  generator  #5:  Xg  = 0.020,  *'.T^e5  = 0.034  sec 

For  generators  1 & 4: 

Max  asymmetrical  current  (rms)  = \l3x  663.0  = 1148.3  A rms 
Peak  instantaneous  current  =2  VT  x 663.0  = 1875.2  A peak 

(f)  Paralleled  generator  short  circuit  capability  at  electrical  power 
center  (EPC). 

The  total  current  values  for  either  the  left  EPC  (generators  1 and  2) 
or  the  right  EPC  (generators  3 and  4)  are: 


Total  I£  = I£.j  + I£2  = 1330.7  /-84. 1 0 A (symm),  subtransient 
Total  I"  (max  inst)  = 2 \/T  = 3763. 2A  peak  inst,  asymmetrical 

Total  I£  (max  rms)  = ^3  I£  = 2304. 8A  rms,  max  asymmetrical 
Total  1^  = 909.1  /-64.4°A  (symm),  transient  (because 

T « Tj  , the  transient  current  will  have  negligible  asymmetry) 

aX  QX 

Total  1^  = 313. 4A  steady-state 
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2.4.6  Three-Phase  Fault  at  the  EPC  and  no  Pre-Load 

The  effect  of  pre-load  in  paragraph  2.4.5  was  to  increase  the  generator 
field  excitation,  thus  producing  maximum  currents  to  the  faults.  Because 
the  generators  are  not  normally  operating  at  full  rated  load,  the  range  of 
possible  fault  currents  is  from  no  pre-load  to  full  pre-load.  The  method 
of  calculation  is  the  same  as  in  paragraph  2.4.5.  The  results  in  (a),  (b), 
and  (c)  below  are  comparable  with  paragraph  2.4.5  (a),  (b),  and  (f) 
respectively. 

(a)  Fault  Contribution  from  Generators  1 or  4: 

Ef"  = 1.1493  /5.8°  pu 

111  = 5.7115  /-70.90  pu  = 634. 2A  (svmm) 

T1 

EL  = 1.168  /25.9°  pu 

T1 

Ii  = 3.9663  /-55.00  pu  = 440. 4A 
T1 

Ef  = 2.627  /25,8°  pu 


If  = 1.4008  /-62.8°  pu  = 155. 5A 


(b)  Fault  Contribution  from  Generators  2 or  3: 


(c)  Paralleled  Generator  Short  Circuit  Current  Capability  at  the  Electrical 
Power  Center,  with  No  Pre-Load: 

The  total  current  values  for  either  the  left  or  the  riqht  EPC  with 
two  generators  paralleled  in  each  EPC  is: 

= 1276.6  /-71 . 1°  A (syrmetrical ) 

If  (max  inst)  = 3610.8  A peak  instantaneous,  symmetrical 

1 11 

f (max  rms)  = 2211.1  A max  rms,  assymetrical 
If  = 884.5  /-55.2°  A transient 
If  =311.2  /-62.7°  A steady-state 

2.4.7  Single-Phase  Fault  at  EPC  with  100*  Pre-Load 

Single-Phase  to  ground  fault  at  electrical  power  center,  with  100*  (40KVA) 

pre-load  at  0.75  PF  lagging. 


Z 

Z 

Z 

E 

I 


1 = Z^'  + Zo,  = Positive  Sequence  Impedance 

2 ~ ^q2  + ^e2  = Negative  Sequence  Impedance 


o Zq0 


+ Ze0  = Zero  Sequence  Impedance 


f = Voltage  at  P0R  (EPC)  before  the  fault 


" I'  I 
f,  if,  Lf 


3(Ef11 , Ef , Ef) 

<q,  q.  z,)*z2*zo 


(a)  Fault  Contribution  from  generators  ^1  or  #4: 

The  values  for  excitation  voltanes  (Ef,  Ef,  Ef)  are  listed 
in  paragraph  2.4.5  (a).  All  values  are  in  per  unit. 
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R!  = Ra  = 0.0328 

R = 0.0136 
1 

R2  = 0.0652 

R.  = 0.0136 

*2 

Rq  = 0.0331 
R = 0.0268 

Xd'  = 0.276 


Xd  = 1.86 
X#1  = 0.0143 

X2  = 0.184 

X,  = 0.0148 

X2 

XQ  = 0.0201 
X = 0.0834 

Xd"  = 0.181 


or  ll 

!f  = f 

^Rf  + j 
3E  • 

If  = - 

£Rf  + 

£Rf  + j^xf 


= 6.577  /-63. 9°  pu  = 730.32  /-63.9°A 


= 5.7158  /- 47.2°  pu  = 634.6  /-47.2°A 

= 3.6296  /-59. 5°  pu  = 403.0  /-59.5°A 


(b)  Single-Phase  Fault  Contribution  from  Generators  2 or  3: 


R,  = R,  = 0.0328  pu 

I d 


Xd  = 1.86 


Re,  = 0.0116 

R2  = 0.0652 

Re2  = 0.0116 

R = 0.0331 
o 

R = 0.0223 

eo 


Xel  = 0.0126 

X2  = 0.134 

Xe2  = 0.0126 

X = 0.0211 
o 

X = 0.0710 
eo 
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Xd,  = 0.275  Xd„  = 0.131 

Using  the  same  formulas  as  in  subparagraph  (a): 

V'  = 6.9114  /-66. 9°  pu  = 767.4  /-66.9°  A 

1^  = 5.9539  /-5Q.10  pu  = 661.1  /-50.1°  A 

If  = 3.6586  7-60.5°  pu  = 406.2  /-60.5°  A 

(c)  Paralleled  Generator  Short  Circuit  Current  Capability  For  Single- 

Phase  Fault  at  EPC  after  100%  Pre-Load  at  0.75  PF  Lagging.  The 

total  current  values  at  either  the  left  or  right  EPC  with  two 

generators  paralleled  in  each  EPC  are: 

Total  12  = 12  + 12  = 1497.2  /-65.5°A  (symn)  in  faulted  phase 

T T1  r2 

Total  I£  peak  inst.  = 2 ■/T  = 4234. 1A  peak  inst,  asymm. 

Total  I£  max  rms  = \IT  12  = 2593. 2A  rms  max  asymm. 

Time  constant  T = 0.0022  sec  a 1 cvcle  for  dc  decay  to 

aX 

symmetrical  values,  and  Tdx”  = 0.005  sec*  2 cycles  for 
subtransient  current  decay. 

Total  l'f  = 1295.7  /-48.7°  A 

Total  If  = 809.2  7-60,3°  A 

2.4.3  Fault  Current  Calculations  Summary 

The  summaries  of  three-phase  fault  currents  and  time  constants  at  the 
electrical  power  center  are  tabulated  in  Table  2-2.  The  summaries  of  sinole- 
phase  fault  currents  and  time  constants  are  listed  in  Table  2-3.  Both  tables 
are  shown  graphically  as  functions  of  time  in  Figure  2-8. 


TABLE  2-2 

THREE-PHASE  FAULT  CURRENTS  AT  EPC 


GEN  1 & 4 
Individual 

GEN  2 4 3 
Individual 

EPC  L 4 R 

Total 

Preload,  100S,  0.75PF 

Subtransient,  1^“,  Symmetrical 

663  /-84.19* 

667. 7/-83.92° 

1 330. 7/-84. 05°A 

Subtransient  rms  Asynmetrlc  Peak 

1148.3A 

1156.5A 

2304. 8A 

Subtransient  Inst  Asymnetrlc  Peak 

1875. 2A 

1888. 5A 

3763. 2A 

Time  Constant  tde 

0.0038  sec 

0.0040  sec 

0.0039  sec 

DC  Decrement  IJ 

937.6  A 

944.3  A 

1881.9A 

Time  Constant  Ta(_ 

0.0022  sec 

0.0022  sec 

0.0022  sec 

Transient,  I ' ^ 

453.4/-64.43A 

455.7/-64.39-A 

909. 1/-63.41 °A 

Time  Constant  TV 
de 

0.034  sec 

0.033  sec 

0.033  sec 

Steady  State, 

156. 7/-64. 39°A 

156. 7/-63. 37°A 

31 3.4/-64. 38°A 

No  Preload* 

Subtransient  1^"  Symmetrical 

634. 2/-70. 87°A 

642. 4/-71 ,28°A 

1276.6/-71 ,07°A 

Subtransient  rms  Asymnetrlc  Peak 

1098. 4A 

1112. 6A 

2211. 1A 

Subtransient  Inst.  Asymetrlc  Peak 

1793.8A 

1817. 0A 

3610.8A 

Transient,  1^' 

440. 4/-55.03*A 

444.1/-55.35',A 

884.5/-55.19°A 

Steady  State,  If 

155. 5/-62. 83°A 

155.7/-62.48°A 

31 1 . 2/-62 . 65°A 

•Time  constants  are  approximately  equal  for  either  preload  or  no  preload  condition. 
NOTES: 


1.  No  adjustement  has  been  made  for  the  voltage  regulator  buildup,  which  could  provide 
3.0  pu  current  (steady  state)  to  the  fault.  This  would  be  about  333A  per  generator 
or  666A  at  the  EPC.  The  guaranteed  short  circuit  capability  Is  250A  for  5 seconds.. 

2.  The  SSPC  will  act  as  a current-limiter  in  the  circuit  for  load-side  faults.  The 
values  of  fault  currents  calculated  for  the  EPC  should  be  used  to  describe  the 
source  short  circuit  capability  (SCC)  supplying  the  feeders  to  the  local  SSPC 
panels.  Therefore,  further  fault  current  calculations  are  required  when  the 
panelboard  feeders  and  SSPC  series  Impedances  have  been  determined.  These 
calculations  are  In  paragraphs  2.4.9  - 2.4.11. 
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TABLE  2-3 


SINGLE-PHASE  FAULT  CURRENTS  AT  EPC 


Gen  I & 4 Gen  2 4 3 EPC  L 4 R 

Individual  Individual  Total 

Amperes  Amperes  Amperes 


Preload.  100*.  0.75  PF 

Subtransient  If*  Symmetrical 
Subtransient  rms  Asymmetrical , Peak 
Subtransient  Inst.  Asymmetrical , Peak 
Time  Constant  Tde" 

Transient  1^' 

Time  Constant  Tde' 

Steady  State  If 


730.37-63.88°  767.47-66.94°  1 497.27-65. 45° 
1264.9  1329.1  2593.2 

2065.6  2170.5  4234.7 

0.0038  sec  0.0040  sec  0.0039  sec. 
634.67-47. 15  661.17-50.07°  1295.7/^48^ 

0.033  sec  0.033  sec  0.033  sec 

403.07-50.53°  406.27-60.47°  809.27-60.34° 


NOTES: 

1.  No  adjustment  has  been  made  for  the  voltage  regulator  buildup,  which  could  provide 
3.0  pu  current  (steady  state)  to  the  fault.  This  would  be  about  333A  per  generator 
or  666A  at  the  EPC.  The  guaranteed  short  circuit  capability  is  250A  for  5 seconds. 

2 The  SSPC  will  act  as  a current-limiter  In  the  circuit  for  load-side  faults.  The 
values  of  fault  currents  calculated  for  the  EPC  should  be  used  to  describe  the 
source  short  circuit  capability  (SCC)  supplying  the  feeders  to  the  local  SSPC  panels 
Therefore,  further  fault  current  calculations  are  required  when  the  panelboard 
feeders  and  SSPC  series  Impedances  have  been  determined.  These  calculations  are  in 
paragraphs  2.4.9  - 2.4.11. 
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Figure  2-8.  Electrical  Power  Center  Fault  Current  Characteristics 


■■I 


2.4.9  Panel  Board  Fault  Currents 
(a)  Fault  Model 


^ ^source  *l  + *2 

Parallel  Short  Circuit  Capability  (SCC) 


Equivalent  Parallel  Source  Impedance 

l.QZH°  1.0/0° 

^source  ” 1 source  " SCC 


(b)  Equations  for  Fault  Calculations: 
Three-phase  faults: 

1.0/0°  1.0/0° 

T— 


F30 


2 +Z  r j 

source  feeder 


Sinqle-phase  faults:  (subscript  s = source;  fdr  = feeder) 


( T » T • T 1 - 3x1. 0/ 0 

F F F 10  " IT'' T - W7 +7  +7 +7 — +7 

(ZlS’Zls,tls)  Zlfdr  Z2s  Z2fdr  os  Zofdr 


(c)  Source  Impedance  Calculations  for  Three-Phase  Faults  at  Panel  Board  X 
Subtransient  Source  Impedance,  Z"  source: 


1330.7 

SCC"  = £1"  = 1330.7  /-85. 1 °A  = 111.03  = 11.985  /-85.1°  pu 

1.0/0° 


Z" 


source 


= 0.0834  /85. 1 ° pu 


Transient  Source  Impedance,  Z1 


source: 


SCC’  = l I'  = 909.1  /-64, 4°A  = = 8.1879  /-64.4°  pu 
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1.0/0° 

V source  = 8.1879  7-64^  = 0,1221  pu 

Steady-State  Source  Impedance,  „„ : 

cource 

ll"!  A 2.8227  /-64. 4°  pu 


SCC  = £1  = 313.4°  /-64.4°A  = 


Z = = 0.3543  /64. 4°  pu 

source  0227  TgOf  

(d)  Fault  Current  Calculations  for  Three-Phase  Faults  at  Panel  Board  X 

Assume  the  feeder  conductors  to  a representative  Panel  Board  X 
are  closely  bundled,  composed  of  3 #AN4  conductors,  and  located  2 
inches  above  the  ground  plane.  For  such  a feeder  the  impedance 
characteristics  are: 


Z1  = 0 . 282+ j 0.212  = 0.3526  /36.9°  ohm/1000' 

Z2  = 0.282+j  0.212  = 0.3526  /36.9°  ohm/1000' 

ZQ  = 0.474+j  1.33  = 1.4119  /70.4°  ohm/1000' 

If  the  length  is  100  ft  and  the  maximum  current  trip  rating  of  the 

feeder  is  80A,  the  maximum  voltage  drop  in  the  feeder  is  2.8208  volts. 


The  per  unit  values  for  AN4  feeder  in  positive-sequence  (Z^),  negative 
sequence  (Z^),  and  zero-sequence  (Z  ) impedances  are: 

Z]  = Z2  = 0.3260  /36.9opu/1000' 

ZQ  = 1.3054  /70.4°  pu/1000' 

The  assumed  length  of  the  feeder  is  100  feet,  for  which  the  feeder 
sequence  impedances  are: 


Z1X  = Z2X  = °-0326  ^9°  Pu  - 0.0261  + j 0.0196 
ZQX  = 0.1305  /70°  pu  = 0.0446  + j 0.1226 
Subtransient  Current: 


1.0/0° 

T +ZT 
source  1 


9.265  /-72.1°  du 
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.=  9.265  x 111.03  = 1028.7  /-72.1°A  (symmetrical) 
= 1028.7  x = 1781.7A  (max  rms  asymmetrical) 
Transient  Current: 

U = = 6.587  /-58. 7°  pu 

source  1 

= 6.587  x 111.03  = 731.36  /-53.7°A  (symmetrical ) 
Steady-State  Current: 

1.0/0° 

I*  = ^ XT-  = 2.6073  /-62.1°  pu 

r ^source  41 


= 2.6073  x 111.03  = 289.5  /-62. 1 °A  (symmetrical) 
(e)  Time  Constants  for  Three-Phase  Faults  at  Panel  Board  X 

Xfl  (gen  to  EPC)  = P-.-?1-6*0-0.14  = 0.015 


T 


'2l 


(EPC  to  panel ) = 0.0196 


EXzl  = 0.0346 


r^  (gen  to  EPC)  = -Q---Q1-3-6^0-,Q-126  = 0.0131 


r -j  (EPC  to  panel)  = 0.0261 


Er^-j  = 0.0392 
r = 0.0328 

a 


X2  = 0.134 


V 

Tae  - ^(ya-%)  = °-°°12  S6C 


r„  T„  r X"+lX  1 n 
T\  = Tj  a d 2 = 0.0033  sec 

de  d 

X.  X'+LX,. 

Tde=Td  ^ XTeIT  = 0.0351  sec 

d d 2.1 
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(f)  Three-Phase  Fault  Current  Summary 

The  three-phase  fault  current  calculations  are  summarized  in  Table  2-4. 


TABLE  2-4 

THREE-PHASE  FAULT  CURRENTS 


Time  Constant 
Seconds 


Total  Current 
Amperes 


Subtransient,  , symmetrical 

Subtransient,  rms  Asymmetric  Peak 
Subtransient,  Inst  Asymmetric  Peak 
Time  Constant,  T^g 


1 028. 7/-72 . 1 1 

1781.7 

2909.2 


0.0033 


DC  Decrement,  1^ 


1454.6 


Time  Constant,  T 


ae 


0.0012 


Transient,  1^ 


731 . 4/-58. 7° 


Time  Constant,  T\ 


de 


0.0351 


Steady  State,  Ip 


289.5/-62.10 


(g)  Source  Impedance  Calculations  for  Single-Phase  Faults  at  Panel  Board  X 


Calculate  Z"ource,  Z;ource,  and  Zsource,  including  positive  (Z^, 


negative  (Z^and  zero  (Z  ) sequence  impedances  as  applicable.  Use 
the  equation  shown  in  subparagraph  (b)  above  to  calculate  the  single- 
phase fault  currents  (Ip.lplp)^. 


Subtransient  Source  Impedance,  Z^ource. 


Generators  1 and  4: 


Z^  = Z"4  = rRp+jZXp  = ERp+ jsXp  = 0.5333  /G9,7C 


Generators  2 and  3: 

ZP2  = Zp3  = ERp+jlXp  = 0.5053  /73.0C 


7"  vZ" 
FI  F2 

Parallel  Source  Impedance,  Z‘‘  = ttt  Trn 

SOUt  Cc  Z.p'j"’Z.p2 


ZV  +Z"  +Z"  = 0.2596  /71.4C 

1 source  2source  osource  L 
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Transient  Source  Impedance,  Z' 

source 

Z^  = = r.R^+jEX^  = ERf+jEX^  = 0. 1851  ♦j  0.5951 

Zf2  = Zf3  = zRf+jEXf  = °-1476+J  0.5783 

Z‘  xZ 1 

Parallel  source  impedance,  Z'  = fl  f2 


source 


7'  + 7 ■ 

-fVLf2 


■-  z;  +Zi  +Z'  = C. 3049  /74. 2° 

1 source  2source  osource  L 


Steady-State  Source  Impedance,  Z 


source 


zfi  = ZfA  = £Rfi+j:Xfi  = 0.1851+j  2.1791  * 2.1869  /85.1' 


u,  C.I/ZI  “ C.IUUJ  J , I 

Zf2  + Zf3  = ERf2+£Xf2  = 0. 1476+j  2.1623  » 2.1673  /86.1' 


Parallel  source  impedance,  Z 


source 


Zf 1 xZf 2 
Zfl+Zf2 


= Z,  +Z„  +Z  = 1.0885  /85 .6° 

1 source  2source  osource  7 — 

(h)  Fault  Current  Calculations  for  Single-Phase  Faults  at  Panel  Board  X 

Zlx,Z2x’  an<*  Zox  are  ^ee<^er  sequence  impedances  shown  in  subparagraph 

(d)  above. 


Subtransient  Current: 
3.0/0° 


source+  lx+  2x+  ox 


= 6.7325  / - 6 6 . 2 " ou 


= 6.7325x111.03  = 747.5  /-62.2°  A (symmetrical) 

= 747.5  x v/T  /-62.2°  * 1294. 7A  (max  rms  asymmetrical) 


Transient  Current: 

3.0/0° 

Ip  " Zsource+Zlx+Z2x+Zox 


= 6.1297  7-68.5°  du 


= 6.1297x111.03  = 680.6  7-68.5°  A (s.ymn) 


Steady-State  Current: 

3.0/0° 

I.  = "7 *1,  *l,  + l ' 2-3808  /-81-8°  P“ 

F source  lx  2x  ox 

= 2.3808x111.03  = 264.3  /-81.8°  A (symm) 

(i)  Time  Constant  Calculations  for  Single-Phase  Fault  at  Panel  Board  X 

Tde  ■ Td„  xd«2«° 

Parallel  source  Z1  = 0.3049  / 74.2°  = 0.0830+j  0.2934 

Then  equivalent  Xj+X2+X  ^or  Para^e^eci  sources  (two  generators  to 
EPC)  is  0.2934  pu,  and  equivalent  ra+r7+r0  for  paralleled  sources  is 
0.0830  pu. 

Parallel  source  Z = 1.0385  /S5.6°  =»  0.0835+j  1.083 
Then  equivalent  X^+X2+Xo  for  paralleled  sources  is  1.0853  pu.  Also: 
Feeder  X2+Xq  = 0.0196+0.1226  = 0.1422  pu 
Feeder  r2+rQ  = 0.0261+0.0446  = 0.0707  pu 
Then: 

T^e  = 0.0765  sec 


Z“ 

source 

» 0.2596 

/71.4° 

X"+X„+X 
d c o 

= 0.2460 

pu 

r:>  + r9+r„ 

a c o 

= 0.0828 

pu 

fra) 

( X"+2X 

T"  = T" 

1 de  'd 

(Xd) 

Q 

(r  +£r 

a 

*1 


*1) 


T„  (ra>  Xd+X2*Xo 

- Td  (*J>  8a+r2+r0 


T"e  • 0.0023  sec 


(j)  Single-Phase  Fault  Current  Summary 

The  single-phase  fault  current  calculations  are  summarized  in  Table  2-5. 
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TABLE  2-5 

SINGLE-PHASE  FAULT  CURRENTS  AT  SSPC/RCCB  PANELS 


Time  Constant 
Seconds 

Subtransient,  I£,  Symmetrical 

Subtransient,  rms  Asymmetrical  Peak 

Subtransient,  Inst.  Asymmetrical  Peak 

Time  Constant,  T|Je  0.0023 

DC  Decrement,  I£c 

Time  Constant,  T 0.0002 

ae 

Transient,  1^ 

Time  Constant,  T^  0.0765 

Steady-State,  1^. 

(k)  Panel  Board  Fault  Current  Curves 


Total  Current 
Amperes 

747.5/-66,2° 

1294.7 

2113.9 

1057.0 

680. 6/-63.50 

264.37-81.8° 


The  fault  currents  summarized  in  Tables  2-4  and  2-5  are  shown  graphi- 
cally as  functions  of  time  in  Figure  2-9.  These  curves  are  for  the 
hypothetical  panel  board  X with  a 100  ft.  feeder  of  3 AN-4  conductors. 
The  curves  for  other  panel  boards  with  feeders  of  less  than  100  feet 
length  or  of  conductor  sizes  larger  than  AN-4  will  have  character- 
istics between  those  of  Figures  2-8  and  2-9. 
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2.4.10  Current  Rate-of-Change,  di/dt 

For  SSPC  design  purposes,  the  maximum  rate  of  current  change  is  needed. 

The  maximum  theoretical  rate  of  current  change,  di/dt,  will  occur  at  the 
initial  moment  of  fault  with  the  condition  yielding  maximum  asymmetry,  (i.e. 
fault  occurring  at  maximum  current  in  one  of  the  three-phases). 


Then:  i = I 

•••  (&)- 1 
»«<vx 

The  maximum 

Location 

„ sin  wt 
m 

LO  COS  UJ  1 1 

m It 

i nstantaneous 

Fault  Type 

= I to  = 

= 0 

current,  I = 

Symmetrical 

Current 

I " 
a 

800  IT  I 

m 

2 yfz  l" 

Q 

Theoretical 

Asymm.  Maximum 
Instant.  Current 

Theoretical 
Asymm  Maximum 
di/dt,  A/^ps 

EPC 

Three  Phase 

1330.7 

3763.2 

9.458 

EPC 

Single-Phase 

1497.2 

4234.1 

10.641 

Panel  X 

Three  Phase 

1028.7 

2909.2 

7.312 

Panel  X 

Single-Phase 

747.5 

2113.9 

5.313 

For  the  first  half-cycle  di_  = /di_\  cosu)t 

dt  VdtJMax 

Thereafter,  the  current  rate-of-change  will  decay  in  strict  accordance  with 
the  fault  current: 

di_  = 800  TT  \fz  cosuot 

dt 

Where’  I = nns  current  for  each  cycle  measured  at  the  desired  time,  t 
rms 

The  first  few  cycles  of  the  maximum  three-pnase  fault  current  and  the  envelope 
of  the  maximum  single-phase  fault  current  are  plotted  in  Figure  2-10  for 
faults  at  either  the  left  EPC  or  the  right  EPC.  Faults  occurring  at  the 
remote  panel  boards  will  be  proportionally  less  severe,  as  described  in 

Section  2.4.9. 


\ 


\ 
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Current  Envelope  for  Electrical  Power  Center 


II 


The  rates  of  decay  of  the  dc  decrement  current  and  the  subtransient  current 
are  sufficiently  rapid  that  the  actual  maximum  values  of  di/dt  are  less 
than  the  theoretical  values  listed  above.  The  actual  values,  therefore, 
are  determined  graphically  to  be  3.998A/yjS  for  positive  rates  of  change 
and  3.403A^us  for  negative  rates  of  change  during  the  first  cycle  (worst 
case). 

2.4.11  Aircraft  Load  Branch  Circuit  Characteristics 

The  aircraft  load  branch  circuit  sizes  are  determined  by  the  current  ratinq 
required  by  the  load  and  by  the  allowable  voltaqe  drop  from  the  protective 
device  (SSPC,  or  RCCB,  or  CB)  to  the  load,  whichever  results  in  the  larger 
wire  size.  Loads  supplied  by  SSPCs  up  to  10A  will  normally  have  wire  sizes 
from  AN13  to  AN  14.  A wire  size  of  Ah 20  has  a current  capacity  ratinq  of 
7.5A  and  a single-wire  impedance  of  10.25  + j 0.304  ohms  (10.25  /I. 7°  ohms) 
per  1000  feet  circuit  length;  this  AM-20  wire  would  present  a voltaqe  drop 
of  2.6  volt  at  the  continuous  current  rating  of  7.5A  in  a wire  bundle. 
Allocations  of  3 volts  were  made  to  the  115/AC  branch  circuits  and  1.5  volts 
were  made  to  the  28  VDC  branch  circuits  for  model  design  purposes.  This 
wire  size  is  therefore  acceptable  and  typical  for  AC  loads.  The  same  load 
in  the  28  VDC  system  will  require  a maximum  impedance  (resistance  for  dc) 
of  5.7  ohm  per  1000  feet.  An  AM16  wire  would  satisfy  this  load  with  its 
4.95  ohm  resistance  per  1000  feet. 

A typical  load  circuit  used  for  load  branch  circuit  simulation  in  the 
laboratory  consists  of  34  feet  of  AN-20  wire  pair  spaced  at  0.5  inch  and 
laid  upon  an  aluminum  ground  plane.  Measurements  of  the  parameters  of  this 
circuit  gave  the  following  results  at  400  Hz, 

Loop  Circuit  Data  Single  Wire  Data 

AC  Resistance,  Rac  0.65  ohm  0.325  ohm 

Inductance,  L 2.2jjlI\  1.1 

Capacitance,  C 140^jF  70^aF 


1 
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2.5  E-MUX  SYSTEM 

The  E-MUX  system  architecture  consists  of  applications  of  the  appropri- 
ate quantities  of  system  elements  (as  shown  in  Figure  2-11)  to  meet  the 
required  redundancy  level  of  the  subsystems  served.  These  elements  are: 

1)  Digital  computers  (two  are  required  per  aircraftside , left  and 
right) . 

2)  Digital  transmission  line  (each  system  is  dual  redundant). 

3)  Multiplex  terminal  units  MTU's  (these  provide  data  bus  inter- 
faces with  SSPC's) . 

4)  Solid  state  power  controllers  (these  provide  the  required  power 
distribution  control,  subsystem  protection,  and  circuit  status 
signals) . 

5)  Control /display  center  (this  provides  flight  crew  interactions 
with  E-MUX  functions). 

2.5.1  E-MUX  Digital  Computers 

The  digital  computers  perform  the  functions  of  overall  E-MUX  system  man- 
agement and  data/signal  distribution  to  those  subsystems  subscribing  to 
the  E-MUX  service.  These  computers  are  located  in  the  Avionics  bay  of 
the  C-15  aircraft  where  maintenance  and  physical  isolation  can  be  pro- 
vided. The  design  factors  considered  in  the  selection  of  a suitable 
digital  computer  concept  are  performance  margins,  minimal  lifecycle 
cost  of  ownership,  small  size  (volume  and  dimensions)  light  weight,  low 
power  consumption,  environmental  ruggedness  (thermal,  vibration,  shock, 
moisture  and  particulate  tolerances),  high  reliability  and  maintain- 
ability. In  addition,  the  digital  computer  must  operate  without  degra- 
dation in  a highly  inhospitable  electromagnetic  environment,  including 
EMP  tolerance/hardening  for  military  applications. 

Two  extreme  architectural  approaches  are  possible  to  satisfy  the  total 
aircraft  computational  requirements: 


. 
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1)  A centralized  computing  center  sized  to  meet  and  handle  all  data 
processing  and  control  functions  for  the  entire  aircraft,  or  2)  a de- 
centralized/partitioned approach  in  which  the  aircraft  subsystems  are 
selectively  integrated  in  various  groups,  each  with  its  own  dedicated 
processor.  A major  consideration  of  the  decentralized  approach  is  that 
it  permits  independent  design,  development,  integration  and  test,  there- 
by minimizing  technical  risks  associated  with  the  interactive  character- 
istics of  larger  scale  systems.  It  also  permits  the  use  of  a greater 
number  of  standardized  computers  of  reduced  capability,  which  minimizes 
design,  development,  and  replacement  costs.  The  maturing  of  micropro- 
cessor technology  enhances  the  probability  that  decentralized  process- 
ing will  become  the  most  attractive  E-MUX  concept.  Under  the  present 
configuration,  and  due  to  its  interfacing  and  functional  characteristics, 
the  E-MUX  concept  is  proposed  to  be  a selectively  integrated  system  with 
its  own  dedicated  Computer/Processors  as  central  components. 

2.5.2  Digital  Transmission  Line 

The  transmission  line  interconnects  the  computer/processor  with  the 
multiplex  terminal  units.  The  transmission  line  is  routed  to  prevent 
system  malfunction  due  to  the  severance  or  contamination  of  single  cab- 
les or  cable  routinn  paths.  The  transmission  medium  for  the  E-MUX  sys- 
tem concept,  as  presently  configurated,  consists  of  two  independent  data 
buses  per  side,  left  and  right,  which  handle  the  MIL-STD-1 553A  type 
(1  Mbit)  digital  sianal  format.  Each  (open  loop)  bus  is  terminated  into 
its  own  characteristic  impedance  at  both  ends  and  has  provisions  for 
branches  or  stubs  to  interconnect  the  various  E-^UX  component  units. 

The  closed  loop  bus,  as  an  alternate  termination  method  to  the  open  loop 
bus,  is  being  considered.  The  closed  loop  bus  would  provide  an  extra 
level  of  protection  against  localized,  singular  failures.  Additional  bus 
monitoring  and  maintenance  would  be  required  to  identify  and  to  correct 
failures  as  they  occur,  so  that  subsequent  failures  would  not  produce 
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compounded  maintenance  problems.  Further  trade-off  studies  are  required 
to  determine  the  best  bus  termination  method  for  the  transport  syster 
model . 

The  use  of  twisted  and  shielded  wire  pairs  for  E-MUX  data  buses  has  re- 
cently been  re-evaluated,  due  to  the  upsurge  of  fibre  optics  technology. 

A number  of  fibre  optics  components  and  prototype  working  demonstrations 
have  been  examined.  Some  peculiarities  of  this  technology  are  noteworthy 
signal  transmission  continuity  even  after  unmating  of  connector  pairs 
(within  certain  proximity  and  alignment  limits),  immunity  to  vibration, 
stray  light,  shock  and  humidity. 

The  fibre  optics  technology  as  the  E-MUX  transmission  medium,  however, 
provides  only  marginal  weight  and  volume  savings  advantages  as  compared 
to  the  conventional  twisted  shielded  wire  pairs.  It  does  provide  dif- 
ferent, although  not  necessarily  better,  mechanical  and  environmental 
characteristics  which  might  be  of  significant  value  in  the  E-MUX  concept 
application.  Further  industry-wide  trade  studies  will  resolve  this  issue 
of  applicability  to  the  different  operational  environments.  The  trans- 
mission approach  identified  for  this  study  will  be  twisted-shielded  wire 
pair  data  bus  transmission  lines. 

2.5.3  Multiplex  Terminal  Units 

The  multiplex  terminal  units,  which  are  located  adjacent  to  centers  of 
electrical  load  concentration,  interface  with  the  solid  state  power  con- 
trollers to  distribute  E-MUX  commanded  signals  to  the  various  using  sub- 
systems. E-MUX  system  component  interface  signal  formats  are  defined 
in  accordance  with  MIL-ST0-1553A.  The  number  of  MTU's  utilized  in  a 
given  aircraft  is  a function  of  the  number  of  input/output  signals 
assigned  to  be  handled  by  E-MUX  and  the  geometric  distribution  of  those 
signals  throughout  the  airframe.  In  the  case  of  this  study,  35  termin- 
als will  be  used  with  16  on  the  left  side  and  19  on  the  right,  as  shown 
in  Table  2-6. 


TABLE  2-6.  E-MUX  TERMINAL  (MTU)  ASSIGNMENTS 
SSPC/RCCB  PANEL  BOARD  LOCATION 


SYSTEM 

UNITS 

STA300 

STA400 

STA60n 

STA800 

STA1000 

TOTALS 

SSPC 

7 

11 

5 

15 

5 

43 

AC-1 

SPARE 

5 

5 

3 

5 

3 

21 

TOTAL 

17 

17 

3 

73 

5 

64 

SSPC 

12 

14 

0 

18 

2 

46 

OC-1 

SPARE 

4 

6 

0 

6 

2 

18 

TBT7T 

15 

77 

3 

77 

7 

57 

SSPC 

s 

17 

0 

8 

0 

33 

AC-2 

SPARE 

4 

7 

0 

4 

0 

15 

TTTTT 

n 

77 

7 

17 

3 

48 

SSPC 

n 

9 

0 

17 

2 

39 

DC-2 

SPARE 

5 

3 

0 

7 

2 

17 

TCTTT 

TT 

17 

3 

77 

7 

55 

MTU 

MTU 

MTU 

MTU 

MTU 

MTU 

SSPC 

42 

SI 

5 

58 

9 

161 

TOTAL 

SPARE 

18 

21 

3 

22 

7 

71 

T3T7T 

50  4 

1 

5 1 

1 

LD 

15  1 

232  If 

■ 

10 

23 

0 

12 

0 

45 

AC- 3 

6 

5 

0 

A 

0 

15 

TBT7T 

15 

25 

3 

15 

7 

60 

SSPC 

9 

18 

0 

17 

2 

46 
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3 

E 

0 

7 

2 
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17 

77 

7 

77 

7 

57 
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8 

10 

7 

14 

7 

46 

AC-4 

SPARE 

4 

6 

5 

6 

5 

2t 

T3T7T 

rr 

15 

17 

73 

17 

77 

SSPC 

8 

15 

0 

18 

2 

43 

DC-4 

SPARE 

4 

5 

n 

6 

2 

17 

17 

73 

3 

77 

7 

53 

MTU 

MTU 

MTU 

MTU 

MTU 

“TU 

SSPC 

35 

67 

7 

61 

11 

180 

TOTAL 

SPARE 

17 

21 

5 

23 

0 

76 

T5T3C 

57  4 

38  6 

17  l 

37  6 

73  2 

256  19 

The  bus  (transmission  line)  interface  of  the  E-MUX  MTU'(s)  is  performed 
by  the  Multiplex  Terminal  Interface  Module  (MTIM) , as  shov/n  in  Figure 
2-12,  which  fully  complies  with  MIL-STD-1553A.  The  serial  digital  data 
stream  received  from  the  bus  is  converted  to  parallel  format  for  sub- 
sequent processing  and  conditioning  in  the  remaining  circuits  of  the 
MTU.  The  opposite  process  takes  place  with  signals  going  to  the  data 
bus.  The  MTIM  places  these  signals  upon  command  from  the  Computer/Pro- 
cessor, and  performs  the  functions  of  synchronization,  bit  and  parity 
error  checking,  and  also  of  message  validation. 

The  Subsystem  Interface  Module  (SSIM)  is  the  other  major  functional  sub- 
assembly  of  the  Multiplex  Terminal  Unit.  It  provides  input/output  inter 
face  with  the  utilization  equipment  as  shown  in  Finure  2-12,  including 
conversion  of  the  parallel  data  received  from  the  MTIM  to  the  require- 
ments of  each  individual  subsystem,  sensor,  power  controller,  etc.  The 
SSIM  is  designed  in  dual  redundant  stages  to  provide  redundant  data  hand 
ling  requirements  to  the  level  demanded  by  the  functional  criteria  of 
each  subsystem. 

The  Multiplex  Terminal  Unit  continuously  performs  cross-checking  of 
corresponding  input  and  output  sionals  to  assure  that  the  incoming  and 
outgoing  signals  are  identical  in  content,  although  different  in  format. 
This  cross-checking  function  is  done  for  both  upstream  and  downstream 
data  transmission  patterns.  The  separation  of  incoming  subsystem  sig- 
nals into  redundant  data-handl ing  channels  is  achieved  by  physically 
connecting  those  signals  to  specific  pins  in  the  subsystems  interface 
connector.  Periodic  checking  of  such  data  handling  is  also  performed  to 
validate  the  proper  level  of  redundancy  chosen  for  each  signal. 

2.5.4  Solid  State  Power  Controllers 

The  Solid  State  Power  Controller  design  is  to  be  provided  by  Telephonies 
under  this  USAF  contract. 


Figure  2-12.  Typical  Multiplex  Terminal  Unit  (MTU) 


f 


2.5.5  E-MUX  Control/Display  Center 

The  design  of  the  Control /Display  panel  must  be  accomplished  considering 
the  many  potential  uses  of  the  panel.  From  the  subsystem  control  aspect, 
the  panel  designer  must  consider  the  using  subsystems  requirements  for 
management/control  of  the  specific  subsystem.  These  requirements  dic- 
tate extreme  flexibility  in  design  to  cover  the  multiple  configurations 
which  are  either  imposed  at  the  time  of  the  design  of  the  panel  or 
created  when  control  scheme  changes  dictate  a modified  subsystem  control 
format.  The  display  portion  of  the  panel  requires  similar  flexibility 
so  that  the  information  contained  can  be  presented  to  the  cm;  in  a 
quickly  understandable  form. 


Aircraft  developments  appear  to  be  focusing  on  hioher  degrees  of  system 
integration.  It  is  reasonable  to  expect  the  complete  integration  of 
cockpit  display  technology  through  the  use  of  the  CRT  and  multifunction 
display,  using  E-MUX  as  the  data/processing  base.  This  integrated  dis- 
play will  provide  modes  for  Flight  Control,  Subsystems  Monitoring,  Inte- 
grated Communications,  Electric  Power  Management,  and  Fault  Management 
and  Failure  Assessment. 


The  pilot  receives  information  pertinent  to  his  flight  profile.  Thus  in 
navigation  modes,  the  display  provides  navigation  aid  similar  to  present 
day  area  navigation  systems.  During  approach  and  landing,  the  display 
functions  as  an  autopilot/Automatic  landing  system.  During  emergency 
and  failure  conditions,  the  computer  would  direct  the  display  to  the 
area  of  difficulty,  thus  allowing  the  pilot  to  assess  the  degree  of  the 
emergency  and  its  probable  effects  on  continued  flight.  The  control  sys- 
tem interfaces  directly  with  the  display,  thereby  allowing  pilot  inter- 
action with  the  main  computer  complex.  The  pilot  may,  via  the  system 
control,  call  up  any  display  format  to  perform  routine  subsystems  eval- 
uations. Should  a subsystem  require  specific  pilot  attention,  the  com- 
puter will  automatically  either  notify  the  pilot  or  present  the  display 
featuring  the  subystem  malfunction/anomaly. 
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An  example  of  existing  display  panel  technology  is  shown  in  Figure  2-13 
for  the  DC-10  electrical  panel.  The  information  contained  on  that  panel 
could  quite  effectively  be  combined  into  the  CRT  type  display  shown  in 
Figure  2-14.  This  type  of  display  would  reduce  the  complexity  of  the 
panel  and  save  panel  space. 


UHIS  PAGE  IS  BEST  QUALITY  PRACIICABL3 
ERlGM  UUri  EUrUilSHED  10  OiiC 


Figure  2-13.  Typical  Aircraft  System  Display  Panel  (DC-10  Electric  Panel) 


APPENDIX  A 

DETAILED  ELECTRICAL  LOAD  LISTS 

Appendix  A contains  the  detailed  electrical  load  lists,  with  a load  identi- 
fication code,  the  load  station/location,  the  maximum  normal  connected 
current  requirement  of  each  load,  or  of  its  units  if  it  consists  of  several 
elements,  the  number  of  phases  supplying  the  loads,  and  the  power  factor 
(lagging)  of  current  supply  to  the  loads. 

The  lists  are  separated  according  to  the  major  source  buses,  as  follows: 


SYSTEM 

TABLE 

115  Vac  System 

BUS  1 

A-l 

BUS  2 

A- 2 

BUS  3 

A- 3 

BUS  4 

A- 4 

EMERGENCY  BUS 

A- 5 

28  Vdc  System 

BUS  1 

A- 6 

BUS  2 

A- 7 

BUS  3 

A- 8 

BUS  4 

A- 9 

EMERGENCY  BUS 

A-10 

BATTERY  BUS 

A- 11 

BATTERY  DIRECT  BUS 

A-l  2 

The  following  information  explains  the  headings  and  codes  used  in  this 

Appendix. 

1.  The  load  equipment  is  grouped  by  general  function  and  type  in  each  table. 

2.  The  load  location  code  gives  the  serial  number  of  the  load,  the  bus 
number  or  letter  code,  and  the  system  (A  for  AC  or  D for  DC);  except  emer- 
gency and  battery  buses  are  shown  as  E for  emergency,  as  BB  for  battery 
bus  and  BD  for  battery  direct  bus.  (Example:  23-2-A  indicates  load  serial 
number  23  and  Bus  2 on  the  AC  system.) 


L 


r 

3.  The  Station/Location  gives  the  approximate  aircraft  frame  station  (X- 
axis)  in  inches  and/or  a physical  location,  such  as  a panel,  rack, 
compartment,  wing  area,  or  engine  area. 

4.  The  current  values  are  given  for  each  unit  that  constitutes  an  identified 
load. 

5.  The  number  of  identical  units  which  constitute  a single  controlled  load 
(e.g.  4 lamps  in  a circuit  are  indicated  by  the  number,  4). 

6.  The  total  connected  load  current  Is  shown  which  is  controlled  by  a 
single  control  device  (SSPC  or  RCCB). 

7.  Phase  and  percent  power  factor  are  self  explanatory. 
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TABLE  A-l 
(Continued) 

115  VAC  SYSTEM  - BUS  1 


TABLE  A-l 
(Continued) 

115  VAC  SYSTEM  - BUS  1 


115  VAC  SYSTEM  - BUS  2 


TABLE  A-2 


115  VAC  SYSTEM  - BUS  3 
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MOTORS 

Copilot's  Seat  (Vert  Motor)  34-3-A  32S/Cop1 lot's  Seat 

Copilot's  Seat  (Hor.  Motor)  35-3-A  325/Copl lot's  Seat 


TABLE  A- 4 
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TAULE  A-4 


INDICATORS 

Incjtne  Fuel  Flo*  Indicator  4b-4-A  2/b/Center  lnstr  Panel 


TABLE  A-5 


UNITS 

Fit  Gdnc  Yaw  Computer  #1  8-E-A  425/L  Avionics  Rack 


TABLE  A-S 


UNITS 

Fit  Gdnc  Yaw  Computer  12  19-E-A  425/R  Avionics  Rack 


TABLC  A-5 


ENGINE  INDICATING 


20  VDC  SYSTEM  - BUS  1 


Rev  Actuated  3.5  Bleed  Valve  39- 1 -D  Engine  #1 
Press  Ratio  Bleed  Control  Vent  Valve  40- 1 -D  Engine  II 
Eng  #1  Turbine  Case  Cooling  Valve  4 1 - 1 -D  Engine  II 
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MOTORS 

Tank  >2  Cross  Feed  Valve  14-2-D  Fwd  of  Tank  #2 

SOL  EI10  IDS 

L & R Fuel  Manifold  Drain  Valve  15-2-D  Fwd  Center  of  Outboard 

Fuel  Tanks 


TABLE  A- 7 


TABLE  A-7 


TABLE  A-8 
(Continued) 

28  VDC  SYSTEM  - BUS  3 


TABLE  A-8 
(Continued) 

28  VDC  SYSTEM  - BUS  3 


Lng  #3  Turbine  Case  Cooling  Valve  45-3-0  Engine 


TABLE  A-8 
(Continued) 


TABLE  A-9 


TABLE  A-9 
(Continued) 


Compressor  3.5  Bleed  Valve  34-4-D  Engine  #4 
Rev  Actuated  3.0  Bleed  Valve  35-4-0  Engine  #4 
Press  Ratio  Bleed  Cont  Vent  Valve  36-4-0  Engine  #4 
Eng  #4  Turbine  Case  Cooling  Valve  37-4-0  Engine  #4 


TABLE  A-9 
(Continued) 
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UNITS 

Attitude  Monitor  & Switching  Unit  29-4-0  425/R  Avionics  Rack 


TABLE  A- 10 


Tanks  II  & 13 


UNITS 

Central  Aural  Warning  13-BB  425/1  Avionics  Rack 


TABLE  A- 11 
(Continued) 

28  VDC  SYSTEM  - BATTERY  BUS 


API)  Electronic  Control  24-8B  APU  Compartment  7.25  1 7.25 

API)  Picnerator  Control  25-BB  375/L  EPC  0.5  1 0.5 


TABLE  A- 11 
(Continued) 
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MOTORS 

APU  Starter  9-BD  1462/APU  Compartment  190.0  1 190.0 


APPENDIX  B 

DETAILED  LOAD  LOCATION  LISTS 

The  various  loads  from  Appendix  A have  been  re-organized  and  listed  herein 
according  to  their  physical  location  in  the  C-15  airplane.  Each  load  is 
identified  by  its  load  identification  code  (e.g.  7-3-A  which  is  load  serial 
number  7 on  Bus  3 of  the  AC  system;  3-BB  is  load  serial  number  3 on  the  DC 
Battery  Bus).  These  lists  also  show  the  current  required  by  the  load,  the 
"ideal"  circuit  breaker  trip  rating  based  upon  a 75%  maximum  initial  connect- 
ed load,  and  the  selected,  next  larger  or  in  some  cases  the  nearest,  standard 
SSPC  trip-rating  size.  For  example,  in  the  right-hand  electrical  power  center 
area  (R-EPC),  a load  is  designated  as  follows: 

27-3-A 

6.6 

(8.8)  [10] 

This  indicates  that  load  serial  number  27  is  supplied  by  BUS  3 from  the  AC 
system;  it  is  a 6.6  ampere  connected  load;  it  would  be  ideally  protected  by 
an  8.8  ampere  protective  device  (CB,  RCCB  or  SSPC),  and  a standard  10  ampere 
protective  device  is  selected  for  this  load  circuit.  Looking  into  Appendix  A, 
Load  27-3-A  is  found  to  be  in  the  ice  and  rain  protection  qroup.  Load  27-3-A 
is  the  Right  Eyebrow  Window  Defog  Controller  at  Station  Location  375,  it  con- 
sists of  one  6.6  ampere  unit,  single  phase  115  VAC  supply,  and  has  a 90  per- 
cent power  factor  (lagging)  characteristic. 
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(21.3)  [25]  (9.3)  [10] 


(2.26)  [3]  (1.86)  [2] 


2-BO  3-B8  17-BB 

19.2  1.1  1.5 

(25.6)  (25]  (1.46)  [1.6]  (2.0)  [2] 


TABLE  B-2 


3-2-0  10-E-D  7-4-D  33-3-D 

8.46  7.0  2.0  1.0 

(13)  [15]  (9.33)  [10]  (2.66)  [3]  (1.33)  [1 


APPENDIX  C 

AC  SYSTEM  PANEL  AND  LOAD  SUMMARY 

The  SSPCs  for  AC  loads  from  Appendix  B are  assigned  to  AC  panel  boards  and 
the  panel  board  currents  and  feeders  are  defined.  Spares  are  provided  on  the 
basis  of  25%  of  the  SSPC/RCCB  positions  to  be  spares.  Feeder  capacity  is 
provided  for  spares  on  the  basis  of  the  average  current  per  SSPC  to  be  the 
same  for  both  active  and  spare  SSPCs.  Voltage  drops  in  the  feeders  are 
designed  to  not  exceed  1.0  volt  per  phase,  thus  allowing  3.0  volts  drop 
per  phase,  maximum,  for  the  load  branch  circuits.  This  design  complies  with 
the  total  distribution  voltage  drop  of  4.0  volts  per  chase  as  specified  in 
MIL- STD- 704. 

The  following  information  defines  the  headings  and  codes  used  in  the  tables 
contained  within  this  appendix: 

1.  Locations  are  self-explanatory. 

2.  Code  46- 1 -A  indicates  1 iad  serial  number  46,  Bus  1,  on  the  AC 
system.  This  coding  is  described  in  more  detail  in  Aopendix  A. 

3/  Current  is  the  connected  value  in  amperes;  if  composed  of  more  than 
one  discrete  load,  for  example  three  loads,  the  number  is  shown  thus: 
(3). 

4.  SSPC/RCCB  is  the  selected  unit  trip  rating  for  load  protection  (which 
is  also  capable  of  protecting  the  wire). 

5.  Load  = sum  of  load  currents;  SSPC  = sum  of  SSPC  trip  ratings;  panel 
nominal  current  capacity  allows  current  between  the  two,  with  25% 
added  for  spare  SSPCs,  raised  to  next  CB  or  wire  rating  value. 

6.  Three-phase  load  protection  is  symbolized  by  the  designation  30,  placed 
beside  the  SSPC/RCCB  rating. 

7.  Loads  having  low  power  factor  and  stored  energy  characteristics  are 
symbolized  adjacent  to  the  load  identification  code  as  follows: 

M Motor  Load 
T Transformer  Load 
L Inductive  Load-Solenoid 
FL  Inductive  Load  - Fluorescent  Light 
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c Capacitive  Load  - Instrument 
IG  Ignition  (Transformer  or  Induction  Coil) 
FC  Flight  Computer 
IN  Inertial  Navigation  System 
P Power  Supply 

(1),  (2),  (3),  & (4)  Unit  Numbers 


1 


TABLE  C-l 

AC  SYSTEM  PANEL  AND  LOAD  SUMMARY 
AC  SYSTEM  - BUS  1 


Location 

Load  Ident. 

Current 

PANEL  AC  - INST  - ' 

1 (Sta  300-U 

Nose 

None 

L Instr.  Panel 

33-1 -A 

0.87 

C Instr.  Panel 

42- 1 -A 

0.30 

II 

45— 1 -A 

0.20 

" 

46-1 -A 

0.20 

R Instr.  Panel 

34-1 -A 

0.87 

Q'head  Panel 

None 

L Pedestal 

36  - 1 - A 

1.0 

" 

10-1 -A 

8.7 

Spares 

5 SSPCs 

10 

Totals 

12  Units 

22. 1A 

PANEL  AC  - COCKPIT 

- 1 (Sta  400-L) 

R EPC 

2-1 -A  M 

1.6 

II 

7-1 -A  T 

0.8 

it 

9-1 -A  T 

4.8 

'• 

17-1 -A 

12 

18-1 -A 

6.6 

II 

39- 1 -A 

0.6 

" 

19-1 -A 

6.6 

L Avionics  Rack 

1—1 —A  M 

7.3 

" 

37- 1 -A 

0.9 

" 

38-1 -A 

0.9 

Lower  L EPC 

8-1 -A  T 

0.9 

Spares 

5 SSPCs 

20 

Totals 

16  Units 

59. 1A 

Panel  Feeder 

SSPC/RCCB  Size  Capaci ty  Length 


1.6 

0.5 

0.5 

0.5 

1.6 

1.6 

15 

_8 

29. 3A  AN-10  33A  18  Ft. 

3 

1.6 

7.5 
20 
10 

1.6 

10 

15  30 

1.6 

1.6 
1.6 
25 

98. 5A  AN-4  80A  10  Ft. 
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TABLE  C-1 
(Continued) 

AC  SYSTEM  - BUS  1 


Panel  Feeder 

Location 

Load  Ident. 

Current 

SSPC/RCCB 

Site  Capacity 

Lenoth 

PANEL  AC  - FWD- 

-CARGO  - 1 (Sta  60G-L) 

Fwd  Cargo 

5-1 -A  M 

13.6 

20  30 

M 

23-1 -A 

4.5(3) 

7.5 

M 

26-1 -A 

0.9 

1.6 

M 

29-1 -A 

3.9(3) 

7.5 

“ 

30-1-A 

4.8 

7.5 

Spares 

3 SSPCs 

ISA 

15 

Totals 

8 Units 

42. 7A 

59. 1A 

AN-6  60A 

18  Ft. 

PANEL  AC  - WING/ENGINE  - 1 (Sta  800L) 

Outbd  Engine 

1 2-1 -A  M 

7.0 

10  30 

" 

13-1 -A  M 

7.0 

10  30 

Inbd  Engine 

14-1-A  M 

7.0 

10  30 

Outbd  Engine 

15-1  -A 

1.2 

1.6 

Tip 

21-1 -A 

0.7 

1.6 

M 

27-1 -A 

0.87 

1.6 

M 

28-1 -A 

5.2 

7.5 

M 

25-1 -A  (1) 

0.43 

0.5 

Trail  Edge 

25— 1 -A  (1) 

0.43 

0.5 

L Pod 

4-1 -A  M 

1.6 

3 

M 

20-1 -A  L 

3 

5 

H 

24- 1 -A 

7.8 

10 

R Pod 

16-1-A  M 

65 

100  30 

Engine  2 

47— 1 —A 

1.2 

1.6 

Engine  3 

41-1 -A 

1.2 

1.6 

Spares 

5 SSPCs 

35A 

50  A 

Totals 

20  Units 

130.6A 

194. 5A 

AN-2/0  1 75A 

35  Ft. 

PANEL  AC  - AFT 

CARGO  - 1 (Sta  1000L) 

Aft  Cargo 

29-1 -A 

3.9  (3) 

7.5 

M 

23-1 -A  FL 

4.5  (3) 

7.5 

" 

32- 1 —A 

1.7  (2) 

3 

Tail 

22-1 -A 

5.4  (3) 

7.5 

it 

31-1 -A 

5.2  (2) 

7.5 

Spares 

3 SSPCs 

12A 

ISA 

Totals 

8 Units 

32. 7 A 

48A 

AN-8  46A 

52  Ft. 

TABLE  C-2 

AC  SYSTEM  PANEL  AND  LOAD  SUMMARY 
AC  SYSTEM  - BUS  2 


Location 

Load  Ident. 

Current 

SSPC/RCCB 

PANEL  AC  - INST  - 

2 (Sta  300— L ) 

Nose 

29-2-A 

2.9 

5 

II 

30-2-A 

3.8 

5 

L Instr.  Panel 

33-2-A 

0.1 

0.5 

C Instr.  Panel 

2-2-A 

0.3 

0.5 

•a 

18-2-A 

0.1 

0.5 

L Pedestal 

38-2-A 

1.3 

2 

•I 

31-2-A  M 

1.1 

1.6  39 

“ 

32-2— A M 

1.1 

1.6  39 

Spares 

4 SSPCS 

6.4 

8 

Totals 

12  Units 

17. 1A 

24. 7A 

PANEL  AC  - COCKPIT 

- 2 (Sta  400-L ) 

l EPC 

13-2-A  T 

0.8 

1.6 

" 

14-2-A  T 

5.5 

7.5  39 

" 

25-2-A 

6.6 

10 

26-2-A 

6.6 

10 

•I 

27-2-A 

6.6 

10 

•i 

42-2-A 

0.6 

1.6 

L Avionics  Rack 

3-2-A  FC 

1.3 

2 

N 

4-2-A  FC 

0.77 

1.2 

II 

5-2-A  FC 

2 

3 

N 

6-2-A  FC 

1.8 

3 

•1 

8-2-A 

0.9 

1.6 

•1 

1 5-2-A 

0.7 

1.6 

II 

35-2-A  FC 

1.9 

3 

II 

39-2-A 

2 

3 

N 

40-2-A 

2.6 

5 

M 

4 1 - 2- A FC 

1.2 

1.6 

II 

1-2-A  M 

7.3 

15  39 

Lower  L EPC 

None 

Spares 

7 SSPCs 

18.6 

33.4 

Totals 

24  Units 

63. 7A 

114. 5A 

Panel  Feeder 

Size  Capaci tv  Length 


AN-12  23A  18  Ft. 


AN-2  100 A 10  Ft. 
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TABLE  C-2 
(Continued) 

AC  SYSTEM  - BUS  2 


Location  Load  Ident.  Current 

PANEL  AC  - MING/ENGINE  - 2 (Sta  300-L) 


C Wing  Box 

19-2-A  M 

7 

L Wing  Outbd 

20-2-A  (1)  M 

7 

•» 

21-2-A  (2)  M 

7 

L Wing  Inbd 

22-2-A  M 

7 

M 

23-2-A 

1.2 

Leading  Edge 

16-2-A  M 

3.3 

L Pod 

24-2-A  M 

65 

Engine  4 

44-2-A 

1.2 

Spares 

4 SSPCs 

49.4 

Totals 

12  Units 

148. 1A 

Panel  Feeder 

SSPC/RCCB  Size  Capaci ty  Length 

10  30 

10  30 

10  30 

10  30 

1.6 

5 

100  30 

1.6 

74 

222. 2A  AN-3/0  200A  35  Ft. 
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TABLE  C-3 

AC  SYSTEM  PANEL  AND  LOAD  SUMMARY 


AC  SYSTEM 

Location 

Load  Ident. 

Current 

PANEL  AC  - INST  - 

3 (Sta  300- R) 

Nose 

30-3-A 

3.8 

u 

31— 3— A 

7.6  (2) 

M 

32-3-A 

2.9 

" 

33- 3- A 

3.8 

“ 

50- 3- A 

3 

C Instr.  Panel 

2-3-A 

0.3 

R Instr.  Panel 

36— 3- A 

0.26 

•1 

37- 3- A 

0.1 

R Pedestal 

34-3-A 

M 

1.1 

M 

35-3-A 

M 

1.1 

Spares 

6 SSPCs 

12 

Totals 

16  Units 

46. 3A 

PANEL  AC  - COCKPIT 

- 3 (Sta  400-R) 

R EPC 

13- 3- A 

T 

0.8 

II 

14- 3- A 

T 

5.6 

M 

15-3-A 

1.0 

■ 

27-3-A 

6.6 

II 

28- 3- A 

6.6 

M 

29-3-A 

6.3 

II 

47-3-A 

0.6 

R Avionics  Rack 

3- 3- A 

FC 

1.3 

M 

4-3-A 

FC 

0.77 

■ I 

5-3-A 

FC 

2 

“ 

6-3-A 

FC 

1.8 

II 

1 2-3-A 

4 

II 

1 6-3-A 

0.7 

II 

38- 3- A 

5.4 

II 

39- 3- A 

2.7 

H 

40-3-A 

1.4 

" 

1-3-A 

M 

2.3 

II 

42-3-A 

FC 

1.9 

II 

43-3-A 

IN 

6 

■ 

44-3-A 

9.4 

•1 

46- 3- A 

2.6 

BUS  3 

Panel  Feeder 

SSPC/RCCB  Size  Capacity  Length 

S 

10 

5 

5 

5 

0.5 

0.5 

0.5 

1.6  39 
1.6  39 
18 

52. 7A  AN-6  60A  18  Ft. 

1.6 

7.5 

1.6 
10 
10 
10 

1.6 

2 

1.6 

3 

3 

7.5 

1.6 
7.5 
5 

2 

15  39 

3 

10 

15 

5 
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TABLE  C-3 
(Continued) 

AC  SYSTEM  - BUS  3 


Panel  Feeder 


Location 

Load  Ident. 

Current 

SSPC/RCCB 

Size 

Capacity 

lenqth 

Lower  L Avionics 

9-3-A  T 

5.5 

7.5  30 

" 

1 0-3— A 

1.56 

3 

Spares 

5 SSPCs 

15 

25 

Totals 

28  Units 

96. 5A 

1 59A 

AN-1 

125A 

10  Ft. 

PANEL  AC  - WING/ENGINE  - 3 (Sta  800-R) 


Fwd  Cargo  Area 

3-3-A 

0.7 

1.6 

II 

41-3-A 

T 

0.83 

1.6 

Ctr  Wing  Box 

21-3-A 

M 

7 

10 

30 

R Wing  Lead  Edge 

18-3-A 

M 

3.3 

5 

Outboard 

22-3-A 

M 

7 

10 

30 

Inboard 

23-3-A 

M 

7 

10 

30 

“ 

24-3-A 

M 

7 

10 

30 

“ 

25-3-A 

1.2 

1.6 

R Pod 

26 -3- A 

M 

65 

100 

30 

Engine  1 

49-3-A 

1.2 

1.6 

Tail 

11-3-A 

1.4 

2 

H 

17-3-A 

M 

4.7 

1.6 

Spares 

4 SSPCs 

32 

52 

Totals 

16  Units 

124. 3A 

20  7 A 

AN-2/0  1 75A 


3S  Ft. 


TABLE  C-4 

AC  SYSTEM  PANEL  AND  LOAD  SUffiARY 


AC  SYSTEM  - 

8US  4 

Panel  Feeder 

Location 

Load  Ident. 

Current 

SSPC/RCCB 

Size 

Capacity 

Lenotn 

PANEL  AC  - INST  - 

1 (Sta  300-R) 

C Instr.  Panel 

45-4-A 

0.4 

0.5 

M 

48-4-A 

0.2  (2) 

0.5 

R Instr.  Panel 

36 -4- A 

1 

1.6 

it 

38-4 -A 

0.1S 

0.5 

O'head  Panel 

37-4-A 

0.8 

1.6 

Pedestal 

35-4-A 

0.8 

1.6 

R Pedestal 

39-4-A 

1 

1.6 

M 

10-4-A 

8.7 

15 

Spares 

4 SSPCs 

6.4 

8 

Totals 

12  Units 

19. 7A 

30. 9 A 

AN- 10 

33A 

18  Ft. 

PANEL  AC  - COCKPIT 

- 4 (Sta  400— R ) 

R EPC 

6-4-A  T 

0.8 

1.6 

U 

8-4-A  T 

19 

25 

30 

* 

II 

1 7-4-A 

12 

20 

II 

18-4-A 

6.6 

10 

• 

" 

19-4- A 

6.6 

10 

ll 

42-4-A 

0.6 

1.6 

R Avionics  Racfc 

3-4-A 

7.3 

2 

il 

40-4-A 

0.9 

1.6 

if 

41-4-A 

0.9 

1.6 

N 

1-4-A  M 

7.3 

10 

30 

i 

Spares 

6 SSPCs 

30 

48 

! 

Totals 

16  Units 

86. 8A 

131.4A 

AN-2 

100  A 

10  Ft. 

PANEL  AC  - FWD  CARGO  - 4 (Sta  600-R) 

Fw d Cargo 

2-4-A  M 

7.3 

10 

30 

' 

•• 

5-4-A  M 

13.6 

20 

30 

H 

9-4-A  M 

16 

25 

30 

25-4-A  FL 

4.5  (3) 

7.5 

” 

28-4-A 

0.9 

1.6 

M 

31-4-A 

3.9  (3) 

7.5 

m 

32-4-A 

4.8 

7.5 

Spares 

5 SSPCs 

40 

55 

Totals 

12  Units 

91 A 

134. 1A 

AN-1 

125A 

18  Ft. 
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TABLE  C-4 
(Continued) 

AC  SYSTEM  - BUS  4 


PANEL  AC  - WING/ENGINE  - 4 (Sta  800-R) 


R Wing  - Outbd 

12-4-A  M 

7 

10 

30 

“ 

T 3-4— A M 

7 

10 

30 

Inboard 

14-4-A  M 

7 

10 

30 

Outboard 

15-4-A 

1.2 

1.6 

Tip 

22-4-A 

0.7 

1.6 

“ 

29-4-A 

0.87 

1.6 

“ 

30-4-A 

5.2 

7.5 

Tip  & Trail  Edge 

27-4-A 

0.87  (2) 

1.6 

R Pod 

4-4-A  M 

1.6 

3 

it 

16-4-A  M 

65 

100 

30 

II 

21-4-A  L 

3 

5 

Ldg  Gear  Door 

26-4-A 

7.8 

10 

Engine  2 

44-4-A 

1.2 

1.6 

Engine  3 

20-4-A 

1.2 

1.6 

Spares 

6 SSPCs 

48 

72 

Totals 

20  Units 

157. 7A 

237. 1A 

PANEL  AC  - AFT  CARGO  - 4 (Sta  lOOO-R) 


Aft  Cargo 

9-4-A 

16 

25 

H 

23-4-A 

5.4  (3) 

7.5 

" 

25-4-A 

4.5  (3) 

7.5 

“ 

31-4-A 

3.9  (3) 

7.5 

•l 

34 -4- A 

1.7  (2) 

3 

Tail 

24-4-A 

1.8 

3 

» 

33-4-A 

5.2  (3) 

7.5 

Spares 

5 SSPCs 

25 

45 

Totals 

12  Units 

63. 5A 

106  A 

Panel  Feeder 


AN- 3/0  200A  35  Ft. 


AN-4  80A  52  Ft. 
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AC  SYSTEM  PANEL  AND  LOAD  SUMMARY 
AC  SYSTEM  - EMERGENCY  BUS 


Location 

Load  Ident. 

Current 

PANEL  AC  - EMERG 

- E (Sta  375) 

Nose 

14-E-A 

3.8 

L Instr.  Panel 

4-E-A 

0.15 

" 

15-E-A 

0.26 

C Instr.  Panel 

3-E-A 

C 

0.1 

» 

6-E-A 

0.4  (4) 

11 

7-E-A 

0.4  (4) 

“ 

1 3-E-A 

C 

0.13 

L EPC 

2-E-A 

T 

1.3 

R EPC 

24-E-A 

T 

4.8 

C Instr  Panel 

20-E-A 

C 

0.13 

II 

21-E-A 

C 

0.13 

II 

25-E-A 

c 

0.1 

II 

27-E-A 

0.4  (4) 

ll 

28-E-A 

0.4  (4) 

L Avionics  Rack 

1-E-A 

1.3 

•1 

8-E-A 

FC 

1.6 

u 

16-E-A 

IN 

6 

II 

1 7-E-A 

9.4 

R Avionics  Rack 

19-E-A 

FC 

1.6 

“ 

22-E-A 

FC 

1.2 

Lower  Av  Rack 

10-E-A 

T 

5.5 

ll 

11-E-A 

1.56 

Engine  1 

5-E-A 

IG 

1.3 

Engine  2 

1 8-E-A 

IG 

1.3 

Engine  3 

23-E-A 

IG 

1.3 

Engine  4 

26-E-A 

IG 

1.3 

Tail 

9-E-A 

0.8 

II 

1 2-E-A 

1.4 

Spares 

8 SSPCs 

13.7 

Totals 

36  Units 

61. 8A 

Panel  Feeder 

SSPC/RCCB  Size  Capacity  Length 

5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

2 

7.5  30 
0.5 
0.5 
0.5 
0.5 
0.5 

2 

3 

10 

15 

3 

1.6 

10  30 

3 
2 
2 
2 
2 

1.6 

2 

22.6 

101. 8A  AN-2  100A  12  Ft. 


APPENDIX  D 

DC  SYSTEM  PANEL  AND  LOAD  SUMMARY 

The  SSPCs  for  DC  loads  from  Appendix  8 are  assigned  to  DC  panel  boards  and 
the  panel  board  currents  and  feeders  are  defined.  Spares  are  provided  on  the 
basis  of  25%  of  the  SSPC/RCCB  positions  to  be  spares.  Feeder  capacity  is 

provided  for  spares  on  the  basis  of  the  average  current  per  SSPC  to  be  the 

same  for  both  active  and  spares  SSPCs.  Voltage  drops  in  the  feeders  are 
designed  not  to  exceed  0.5  volt,  thus  allowing  1.5  volt  drop  maximum,  for 
the  load  branch  circuits.  This  design  complies  with  the  total  distribution 
voltage  drop  of  2.0  volts  as  specified  in  MIL-STD-704. 

The  following  information  defines  the  headings  and  codes  used  in  the  tables 
contained  within  this  appendix: 

1.  Locations  are  self-explanatory. 

2.  Code  26-2-D  indicates  load  serial  number  26,  Bus  2,  on  the  DC  sys- 
tem. This  coding  is  described  in  more  detail  in  Appendix  A. 

3.  Current  is  the  connected  value  in  amperes;  if  composed  of  more  than 

one  discrete  load,  for  example  three  loads,  the  number  is  shown 
thus:  (3). 

4.  SSPC/RCCB  is  the  selected  trip  rating  for  load  protection  (which 
is  also  capable  of  protecting  the  wire). 

5.  Load  = sum  of  load  currents;  SSPC  = sum  of  SSPC  trip  ratings:  panel 
nominal  current  capacity  allows  current  between  the  two,  with  25% 
added  for  spare  SSPCs,  raised  to  next  CB  or  wire  rating  value. 

6.  Loads  are  symbolized  adjacent  to  the  load  identification  code  as 
follows: 

M Motor  Load 

L Inductive  Load-Solenoid 
FC  Flight  Computer 

P Power  Supply 

(1),  (2).  (3),  & (4)  Unit  Numbers 
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A 


TABLE  0-1 

DC  SYSTEM  PANEL  AND  L0A0  SUMMARY 


DC  SYSTEM  - 

BUS  1 

Location 

Load  I dent. 

Current 

SSPC/RCCB 

Panel  Feeder 

Size  Capacity  Lenqth 

PANEL  DC  - INST  -1 

(Sta  300-L) 

C Instr  Panel 

1 7-1 -D 

0.08 

0.5 

L Instr  Panel 

27-1-0  M 

9.0 

15 

Ovhd  Panel 

2-1-D 

0.44 

1.6 

N 

3-1-0 

0.09 

0.5 

n 

4-1  -D 

0.27  (3) 

0.5 

it 

13-1-0 

0.05 

0.5 

M 

22-1-0 

0.05 

0.5 

n 

24- 1 -D 

0.07 

0.5 

* 

45-1-0 

0.05 

0.5 

it 

34-1-0 

0.07 

0.5 

Pedestal 

10-1-0 

2.6 

5 

II 

11-1-D 

1.1 

2 

Spares 

4 SSPC 

4.6 

9.2 

AN-10  33A  18  Ft 

Totals 

16  Units 

18. 5A 

36. 8A 

(*)  Allowable  dc  voltage  drop  for  Cat.  B equipment  is  2.0  volts.  This  is 
allocated  with  0.5V  in  panel  feeder  and  1.5  in  load  branch  circuit. 
The  dc  feeders  may  therefore  be  sized  by  voltage  drop  rather  than  by 
current  requirement. 


PANEL  DC  - 

COCKPIT 

-1  (Sta  400-L) 

L EPC 

14-1-0 

L 

0.5 

1.6 

n 

15-1-D 

L 

0.5 

1.6 

■ 

16-1-0 

L 

0.5 

1.6 

N 

21-1-0 

1.75 

3 

L Avienics 

Rack 

1-1-0 

1 

1.6 

M 

7-1-0 

FC 

1 

1.6 

N 

8-1-0 

FC 

2 

3 

II 

9-1-0 

1.9 

3 

* 

12-1-0 

1.5 

2 

U 

30-1-0 

0.55 

1.6 

N 

31-1-0 

0.7 

1.6 

M 

32-1-0 

0.8 

1.6 

M 

33-1-0 

0.9 

2 

II 

19-1-0 

M 

0.62 

1.6 

Spares 

6 SSPC 

6.1 

11.7 

Totals 

20  Units 

20. 4A 

39. 1A 
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TABLE  D-l 
(Continued) 

DC  SYSTEM  - BUS  1 


location  Load  Ident.  Current 

PANEL  DC  - WING/ENGINE  -1  (Sta  800-L) 


L Wing  Outbd 

23-1  -D  M 

2 

L Pod 

5-1-0  L 

0.6 

* 

6-1-0  C 

1 

Eng  1 

25-1-0  M 

3 

M 

26- 1 -D  L 

1.2 

■ 

28-1-0  L 

1.5 

N 

29-1-0  L 

0.8 

N 

36-1-0  L 

0.5 

N 

37-1-0  L 

0.8 

M 

38-1-0  L 

1.2 

N 

39— 1 -D  L 

1 

■ 

40-1-0  L 

2.5 

M 

41-1-0  L 

1.2 

N 

42-1-0  M 

1 

M 

43-1-0  M 

1 

M 

44-1-0  L 

0.7 

Eng  2 

26-1-0  L 

1.3  (2) 

Eng  3 

35-1-D  L 

0.5 

Spares 

6 SSPC 

7.3 

Totals 

24  Units 

29. 1A 

PANEL  DC  - AFT 

CARGO  -1 

Tall 

18-1-0  M 

2 

N 

20-1-0  M 

1 

Spares 

2 SSPC 

3 

Totals 

4 Units 

6.0A 

Panel  Feeder 

SSPC/RCCB  Size  Capaci ty  Length 

3 

1.6 

1.0 

S 

1.6 

2 

1.6 

1.6 

1.6 

1.6 

1.6 

3 

1.6 

1.6 

1.6 

1.6 

2 

1.6 

11.2 

44. 8A  AN-6  60A  35  Ft. 


3 

1.6 

4.6 

9.2A  AN-10  33A  52  Ft. 
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TABLE  D-2 

DC  SYSTEM  PANEL  AND  LOAD  SUMMARY 
DC  SYSTEM  - BUS  2 


Location 

Load  Ident. 

Current 

PANEL  DC  - INST  -1 

(Sta  300-1} 

L Instr  Panel 

21-2-0  L 

1.5 

Ovhd  Panel 

9-2-D 

0.05 

n 

10-2-0 

0.3 

i» 

16-2-0 

0.07 

n 

39-2-0 

0.04 

* 

24-2-0 

1 

m 

28-2-0 

0.07 

Pedestal 

2-2-0 

0.8 

N 

26-2-0 

0.51 

■ 

27-2-0 

0.51 

(L.  Stick) 

1-2-D  M 

0.5 

Spares 

5 SSPC 

2.4 

Totals 

16  Units 

7.8A 

PANEL  DC  - COCKPIT 

-1  (Sta  400-L) 

L EPC 

11-2-0  L 

0.5 

M 

12-2-0  L 

0.5 

N 

1 3-2-0  L 

0.5 

L Avionics  Rack 

3-2-D  FC 

8.46 

N 

4-2-0  FC 

1.4 

N 

5-2-D  FC 

0.73 

M 

6-2-0  FC-P 

0.78 

M 

7-2-D 

1.1 

N 

8-2  -D 

1.8 

Spares 

3 SSPC 

8.3 

Totals 

12  Units 

21.  OA 

Panel  Feeder 

SSPC/RCCB  Size  Capacl ty  Length 

2 

0.5 

0.5 

0.5 

0.5 

1.6 

0.5 

1.6 

1.6 

1.6 

1.6 

5.7 

18. 2A  AN-14  17A  18  Ft 


1.6 

1.6 

1.6 

15 

1.6 

1.6 

1.6 

1.6 

3 

9.7 

38.9A  AN-12  23A  10  Ft 


TABLE  0-2 
(Continued) 


OC  SYSTEM 

- BUS  2 

Panel  Feeder 

Location 

Load  Ident. 

Current 

SSPC/RCC8 

Size 

Capacity 

Lenqth 

PANEL  DC  - WING/ENGINE  - 2 (Sta 

800- L) 

L Wing  Inbd 

14-2-0  M 

2 

3 

L Wing  Fwd  Center 

15-2-0  L 

0.8 

1.6 

L Wing  Lead  Edge 

20-2-0  L 

0.8 

1.6 

R Wing  Fwd  Center 

15-2-0 

0.8 

1.6 

Eng  1 

29-2-0  L 

0.5 

1.6 

Eng  2 

17-2-D  M 

3 

5 

m 

22-2-D  L 

1.5 

2 

M 

23-2-0  L 

0.8 

1.6 

N 

30-2-0  L 

0.5 

1.6 

M 

31-2-0  L 

0.8 

1.6 

" 

32-2-0  L 

1.2 

1.6 

II 

33-2-0  L 

1 

1.6 

n 

34-2-0  L 

2.5 

5 

M 

35-2- D L 

1.2 

1.6 

. j 

N 

36-2-D  M 

1 

1.6 

U 

37-2-0  M ■* 

1 

1.6 

m 

38-2-0  L 

0.7 

1.6 

Spares 

7 SSPC 

8.3 

14.7 

Totals 

24  Units 

28. 4A 

50. 5A 

AN-6 

60A 

35  Ft. 

PANEL  OC  - AFT  CARGO 

- L (Sta  1 000- L ) 

Aft  Cargo 

18-2-0  M 

3 (2) 

5 

II 

19-2-0  M 

3 (2) 

5 

. 

Spares 

2 SSPC 

6 

12 

Totals 

4 Units 

12. OA 

20A 

AN-8 

46A 

52  Ft. 
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TABLE  D-3 


DC  SYSTEM  PANEL  AND  LOAD  SUMMARY 
DC  SYSTEM  - BUS  3 


Panel  Feeder 


Location 

PANEL  DC  - INST  -3 

Load  I dent. 

(Sta  300-R) 

Current 

SSPC/RCCB 

Size 

Capacl ty 

Lenqth 

C Instr  Panel 

18-3-0 

0.1 

0.5 

II 

5-3-D 

0.5 

1.6 

M 

30-3-0 

0.64 

1.6 

Ovhd  Panel 

1-3-0 

0.04 

0.5 

M 

13-3-0 

0.05 

0.5 

M 

22-3-0 

0.’ 

1.6 

II 

48- 3-D 

0.05 

0.5 

M 

38-3-0 

0.07 

0.5 

Pedestal  (R  Stick) 

4-3-0  M 

0.5 

1.6 

Spares 

3 SSPC 

0.9 

3.0 

Totals 

12  Units 

3.6A 

11. 9A 

AN-18 

10A 

18  Ft 

PANEL  DC  - COCKPIT 

-3  (Sta  400-R) 

Cockpit 

34-3-0 

0.64 

1.6 

N 

35-3-0 

0.64 

1.6 

M 

36-3-0 

0.64 

1.6 

R EPC 

14- 3-D  L 

0.5 

1.6 

N 

1 5-3-D  L 

0.5 

1.6 

•1 

16-3-0  L 

0.5 

1.6 

M 

17-3-0  L 

0.7 

1.6 

If 

32-3-0 

0.75 

1.6 

R Avionics  Rack 

7-3-0  FC 

1.4 

1.6 

M 

8-3-0  FC 

0.73 

1.6 

“ 

9-3-D  FC-P 

0.78 

1.6 

II 

10-3-0 

11 

15 

N 

11-3-0 

3.9 

5 

•I 

12-3-0 

1.8 

3 

H 

1 9-3-D 

0.67 

1.6 

N 

37-3-0 

4 

5 

N 

6-3-0  FC 

8.46 

15 

M 

33-3-0 

1 

2 

Spares 

Totals 

6 SSPC 

24  Units 

12.9 

51. 5A 

21.4 

85. 6A 

AN-8 

46A 

10  Ft. 
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TABLE  D-3 
(Continued) 

DC  SYSTEM  - BUS  3 


Location  Load  Ident.  Current 

PANEL  DC  - WING/ENGINE  - 3 (Sta  800-R) 


PANEL  DC  - AFT  CARGO  - 3 (Sta  1000-R) 


Aft  Cargo 


25- 3-D  M 

26- 3-D  M 
2 SSPC 

4 Units 


SSPC/RCCB 


R Wing  Lead  Edge 

29-3-D  L 

0.8 

1.6 

Outboard 

2 1 -3-D  M 

2 

3 

R Pod 

2-3-0  L 

0.6 

1.6 

M 

3-3-D  L 

0.6 

1.6 

M 

20- 3-D  M 

1 

1.6 

■ 

31  -3-D 

1 

1.6 

Eng  1 

39-3-D  L 

0.5 

1.6 

Eng  2 

46- 3-D  M 

1 

1.6 

M 

47-3-D  M 

1 

1.6 

Eng  3 

27-3-D  L 

1.5 

2 

N 

28-3-D  L 

0.8 

1.6 

m 

40- 3-D  L 

0.5 

1.6 

« 

41-3-0  L 

0.8 

1.6 

« 

42-3-D  L 

1.2 

1.6 

M 

43- 3-D  L 

1 

1.6 

M 

44-3-0  L 

2.5 

3 

H 

45-3-0  L 

1.2 

1.6 

U 

24-3-D  M 

3 

5 

Spares 

6 SSPC 

7.0 

12.3 

Totals 

24  Units 

28. OA 

47. 7A 

Panel  Feeder 
Caoaci ty 


TABLE  0-4 

0C  SYSTEM  PANEL  ANO  LOAD  SUhWARY 
DC  SYSTEM  - BUS  4 


Panel  Feeder 


Location 


PANEL  DC  - INSTR  - 4 (Sta  300-R) 


Load  Ident.  Current  SSPC/RCCB  Size  Capacity  Length 


R Instr  Panel 

22-4-0  M 

9 

15 

it 

25-4-D  L 

1.5 

2 

Ovhd  Panel 

2-4-0 

0.44 

1 

M 

19-4-0 

0.07 

0.5 

U 

40-4-D 

0.05 

0.5 

M 

41-4-D 

0.05 

0.5 

" 

26-4-0 

0.6 

1.6 

it 

30-4-0 

0.07 

0.5 

Spares 

4 SSPC 

5.9 

10.8 

Totals 

12  Units 

17. 7A 

32. 4A 

PANEL  DC  - 

COCKPIT 

- 4 (Sta  400- R) 

Cockpit 

27-4-0 

0.64 

1.6 

M 

28-4-0 

0.78 

1.6 

L EPC 

16-4-0  L 

0.9 

1.6 

ft 

17-4-0  L 

0.9 

1.6 

R EPC 

12-4-0  L 

0.5 

1.6 

H 

13-4-D  L 

0.5 

1.6 

M 

14-4-D  L 

0.5 

1.6 

R Avionics 

Rack 

6-4-0  PC 

1 

1.6 

N 

7-4-0  PC 

2 

3 

It 

8-4-0 

2 

3 

M 

10-4-D 

1.5 

3 

N 

11-4-0 

3.9 

5 

It 

6- 3-D 

8.46 

15 

M 

29-4-0 

0.5 

1.6 

M 

1-4-0 

1 

1.6 

Spares 

5 SSPC 

8.4 

15,0 

Totals 

20  Units 

33. 5A 

60.  OA 

AN-10 


33A 


18  Ft. 


AN-10 


33A 


10  Ft. 
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TABLE  0-4 
(Continued) 


DC  SYSTEM  - 

BUS  4 

Panel  Feeder 

Location 

Load  Ident. 

Current 

SSPC/RCC8 

Size 

Capaci tv 

Lenqtb 

PANEL  DC  - WING/ENGINE  -4  (Sta  800 

1«1 

R Wing  Outboard 

18-4-D  H 

2 

3 

L Pod 

3-4-0  M 

0.6 

1.6 

a 

4-4-0  L 

0.6 

1.6 

a 

5-4-0  L 

1 

1.6 

Eng  2 

32-4-0  L 

0.5 

1.6 

Eng  3 

20-4-D  (3)-L 

1.2 

1.6 

Eng  4 

20-4-0  ( 4 )— L 

1.3 

2 

N 

21-4-0  M 

3 

5 

M 

23-4-0  M 

1.5 

2 

N 

24-4-0  M 

0.8 

1.6 

N 

31-4-0  L 

0.5 

1.6 

M 

33-4-0  L 

0.8 

1.6 

N 

34-4-0  L 

1.2 

1.6 

M 

35-4-0  L 

1 

1.6 

M 

36-4-0  L 

2.5 

5 

N 

37-4-0  L 

1.2 

1.6 

N 

38-4-0  M 

1 

1.6 

If 

39-4-0  M 

1 

1.6 

Spares 

6 SSPC 

7.2 

12.6 

Totals 

24  Units 

28. 9A 

50. 4A 

AN-6 

60A 

35  Ft. 

PANEL  DC  - AFT  CARGO 

- 4 

Aft  Cargo 

9-4-0 

1.1 

2 

“ 

15-4-0  M 

4 

7.5 

Spares 

2 SSPC 

5.1 

9.5 

Totals 

4 Uni  ts 

10. 2A 

19. OA 

AN-8 

46A 

52  Ft. 
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TABLE  0-5 

DC  SYSTEM  PANEL  AND  LOAD  SUMMARY 
DC  SYSTEM  - EMERGENCY  BUS 


Panel  Feeder 


Location 

Load  I dent. 

Current 

SSPC/RCCB 

Size 

Capacity 

Lenqth 

PANEL  DC  - INST  - E 

(Sta  300) 

R Instr  Panel 

13-E-D 

0.68 

1.6 

C Instr  Panel 

13-E-D 

0.68 

1.6 

L Instr  Panel 

13-E-D 

0.68 

1.6 

L Pedestal 

5-E-D 

0.7 

1.6 

R Pedestal 

5-E-D 

0.7 

1.6 

» 

6-E-D 

T 

1.6 

Spares 

2 SSPC 

1.5 

3,2 

Totals 

8 Units 

5.9A 

12. 8A 

AN-14 

17A 

18  Ft. 

PANEL  DC  - COCKPIT  - 

£ (Sta  400) 

L Avionics  Rack 

2-E-D  FC 

4.2 

5 

M 

3-E-O  FC 

3.5 

5 

M 

4-E-Q 

2.1 

3 

II 

7-E-D 

4.2 

5 

4 

N 

10-E-0 

7 

10 

R Avionics  Rack 

8-E-D 

1.7 

2 

I] 

H 

9-E-O 

3.8 

5 

M 

16-E-D 

0.8 

2 

Spares 

4 SSPC 

13.7 

18.5 

Totals 

12  Units 

41.  OA 

55.  SA 

AN-10 

33A 

10  Ft. 

PANEL  DC  - WING/ ENGINE  - E (Sta  800) 

L Wing  Center 
(Tank  2) 

11-E-O  (2)  L 

0.77 

1.6 

' 

L Wing  Inboard 
(Tank  1) 

11-E-O  (1)  L 

0.77 

1.5 

R Wing  Inboard 
(Tank  3) 

ll-E-0  (3)  L 

0.77 

1.6 

i 

L Pod 

1-E-D  L 

1.5  (2) 

2 

R Pod 

1-E-O  L 

1.5  (2) 

2 

Fwd  Cargo  Area 

14-E-O 

19.2  (4) 

20 

■ 

1 2-E-D 

3.9  (3) 

7.5 

Aft  Cargo  Area 

14-E-O 

7.2  (2) 

10 

m 

12-E-O 

3.9  (3) 

7.5 

Spares 

3 SSPC 

13.2 

17,9 

Totals 

12  Units 

52. 7A 

71. 7A 

AN-2 

100A 

35  Ft. 
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TABLE  D-6 

DC  SYSTEM  PANEL  AND  LOAD  SUMMARY 
DC  SYSTEM  - BATTERY  BUS 


Location 

Load  I dent. 

Current 

PANEL  DC  - INST  - BB 

(Sta  300) 

R Pedestal 

1 -BB 

1.1 

L Pedestal 

5-BB 

1.1 

N 

18-BB 

10 

Ovhd  Panel 

14-BB 

0.7 

« 

16-88 

0.32 

Spares 

3 SSPC 

7.9 

Totals 

8 Units 

23. 2A 

PANEL  DC  - COCKPIT  - 

BB  (Sta  400) 

Cockpl t 

9-BB  L 

1.0 

L EPC 

7-BB 

1.0  (2) 

■ 

25-B8 

0.5 

R EPC 

3-88 

1.1 

■ 

8-BB 

1.0  (2) 

L EPC  (Lower) 

6-BB 

32.4 

N 

21 -BB  L 

0.8 

L Avionics  Rack 

13-BB 

0.72 

N 

1 5-BB 

0.55 

Spares 

3 SSPC 

13.0 

Totals 

12  Units 

52.  OA 

PANEL  DC  - WING/ENGINE  - BB  (Sta 

800) 

L Wing 

1 7-BB  L 

1.5  (3) 

R Ming 

1 7 -BB  L 

1.5  (3) 

C Ming 

10-BB  L 

1.0 

’ 

11 -BB  M 

4.75 

Eng  1 

12-BB  (1)  L 

1.0 

• 

26-BB  (1)1 

1.5 

* 

27-BB  (1)  L 

1.0 

■ 

2 8-BB  (1)  L 

1.25 

Eng  2 

12-BB  (2)  L 

1.0 

■ 

26-BB  (2)  L 

1.5 

■ 

27-BB  (2)  l 

1.0 

■ 

2 8-BB  (2)  1- 

1.25 

Panel  Feeder 

SSPC/RCCB  SI ze  Capaci ty  Length 


1.6 

15 

1.6 

0.5 

AN-10  33A  18  Ft. 


1.6 

1.6 

1.6 

1.6 

1.6 

SO 

1.6 

1.6 

1.6 

AN-6  60A  10  Ft. 

2 

2 

1.6 

7.5 

1.6 
2 

1.6 

1.6 

1.6 

2.0 

1.6 

1.6 
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TABLE  0-6 
(Continued) 

DC  SYSTEM  - BATTERY  BUS  3 


Location 

Load  Ident. 

Current 

SSPC/RCCB 

Eng  3 

12-88  (3)  L 

1.0 

1.6 

26-88  (3)  L 

1.5 

2. 

27-BB  (3)  L 

1.0 

1.6 

28-88  (3)  L 

1.25 

1.6 

Eng  4 

12-88  (4)  L 

1.0 

1.6 

26-B8  (4)  L 

1.5 

2 

27-BB  (4)  L 

1.0 

1.6 

28-BB  (4)  L 

1.25 

1.6 

Spares 

8 SSPC 

11.1 

16.2 

Totals 

28  Units 

38. 9A 

56. 6A 

PANEL  OC  - AFT  CARGO 

- 8B  (Sta  Mi 

00) 

Tall 

2-B8 

z. z-L 

i.i 

1.6 

4-88 

i.i 

1.6 

19-B8  M 

5.2 

7.5 

20-8B  M 

5 

7.5 

22-88  L 

2.5  (2) 

5 

23-B8  L 

0.5 

1.6 

24-8B 

7.25 

10 

Spares 

5 SSPC 

16.2 

24.9 

Totals 

12  Units 

38. 8A 

59. 7A 

Panel  Feeder 

Capacity 


AN-4  80A 


AN-4*  80A 


AN-0  (150A)  feeder  would  be  required  for  0 5V  feeder 


the  full  spare 
drop  In  load 


Length 


35  Ft. 


52  Ft. 
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TABLE  0-7 

0C  SYSTEM  PANEL  AND  LOAD  SUMMARY 
DC  SYSTEM  - BATTERY  DIRECT  BUS 


Panel  Feeder 

Location  Load  I dent.  Current  SSPC/RCCB  Size  Capacity 

PANEL  DC  - COCKPIT  - BD  (Sta  400) 


L EPC 

2-8D 

19.2 

25 

L Avionics  Rack 

6-BD 

10 

15 

" 

8-BD 

13 

20 

R Avionics  Rack 

7-80 

10 

15 

Spares 

4 SSPC 

39.2 

70 

Totals 

8 Units 

78. 4A 

140A 

*The  allocation  to  spares  must  be  reduced  and  thus  allow  a feeder  size  reduction 


Length 


10  Ft. 


PANEL  DC  - WING/ENGINE  - BD  (Sta  800) 


L Wing  (Tank  1) 

5-BD 

L 

1.0 

1.6 

L Wing  (Tank  2) 

5-BO 

L 

1.0 

1.6 

C Wing  Box 

5-BD 

L 

1.0 

1.6 

R Wing  (Tank  3) 

5-BO 

L 

1.0 

1.6 

R Wing  (Tank  4) 

5-BO 

L 

1.0 

1.6 

Eng  1 

1 -BD 

m 

L 

19 

25 

Eng  2 

3-BD 

8 

10 

II 

4-BD 

0.83 

1.6 

II 

1-BO 

(2) 

L 

19 

25 

Eng  3 

1-BO 

(3) 

L 

19 

25 

Eng  4 

3-BD 

8 

10 

II 

4-BD 

0.83 

1.6 

n 

1-BO 

(4) 

L 

19 

25 

Tall 

3-8D 

8 

10 

II 

4-BD 

0.83 

1.6 

Spares 

5 SSPC 

33.2 

47.6 

Totals 

20  Units 

132.7A 

190. 4A 

RCCB  DC  - APU  STARTING  - BD  (Sta  14001 

9-8D  M 190A  300A 

’Allowing  2.0  volts  drop  to  starter 


3-AN-4  240A 

(parallel ) 
or  2-AN-3/0  400A 

(parallel ) 


2-AN  1/0*  3 00 A 
(parallel ) 


35  Ft. 


90  Ft. 
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TABLE  A 


SSPC  DISTRIBUTION  ANALYSIS 
AC  SYSTEM 


SSPC  RATING: 

GENERATOR  BUS 

OR  PANELBOARD 

1A 

0.5A 

1.6A 

2.0A 

3.0A 

5.0A 

7.5A 

10.  OA 

15A 

OTHER 

43  Active 

21  Spare  Spaces 

54t  Total 

2A 

5 

14 

3 

1 

9 

3-10 

3-30 

1-10 

1-30 

1-2OA-10 
1-2OA-30 
1-100 A- 30 

33  Active 

15  Spare  Spaces 
4F  Total 

3A 

3 

8-10 

2-30 

2 

4 

4 

1-30 

CO 

1 1 
to  — * 
S3  TSJ 

1-30 

1 -1OOA-30 

45  Active 

15  Spare  Spaces 
Total 

4A 

3 

10-10 

2-30 

3 

4 

7 3-10 

1-30 

5-10 

4-30 

1-10 

1-30 

1-1OOA-30 

46  Active 

26  Spare  Spaces 
77  Total 

AE 

3 

15 

1 

3 

1 

8 

3-10 

5-30 

1 

1-2OA-10 

1- 2OA-30 

2- 25A-30 
1-25A-10 
1-1OOA-30 

28  Active 

8 Spare  Spaces 
3E"  Total 

11 

2 

7 

3 

1 

1-30 

1-10 

1-30 

1 

190  Active,  Total 
(84  Spare  Spaces) 

Percent  of  Total 

25 

r—  CO 

1 1 

cr> 

13 

17 

14  20-10 

3-30 

15-10 

12-30 

4-10 

3-30 

11 

Active  SSPCs 

Cumulative  Percent 
of  Total  Active 

13.2 

27.9 

6.8 

8.9 

7.4 

12.1 

14.2 

3.7 

5.8 

SSPCs 

13.2 

41.1 

47.9 

56.8 

64.2 

76.3 

90.5 

94.2 

100.0 

NOTE:  All  SSPCs  are  10  upless  noted  otherwise. 


266 


TABLE  B 


SSPC  DISTRIBUTION  ANALYSIS 
DC  SYSTEM 


SSl’C  RATING: 

0.5A 

1.6A 

2.0A 

3.0A 

5.0A 

7.5A 

10. 0A 

15A 

OTHER 

GENERATOR  BUS 

OR  PANELBOARD 

ID 

46  Active 

8 

24 

5 

6 

2 

1 

18  Spare  Spaces 

BT  Total 

2D 

39  Active 

5 

25 

2 

2 

4 

1 

17  Spare  Spaces 

US’  Total 

30 

47  Active 

5 

30 

2 

3 

5 

2 

17  Spare  Spaces 

B4"  Total 

40 

43  Active 

4 

25 

4 

4 

3 

1 

2 

17  Spare  Spaces 

577  Total 

E 

23  Active 

9 

4 

1 

4 

2 

2 

1-20A 

9 Spare  Spaces 

3?  Total 

BB 

41  Active 

1 

27 

6 

1 

3 

1 

1 

1-50A 

19  Spare  Spaces 

BIT  Total 

BD 

20  Active 

8 

3 

2 

1-20A 

9 Spare  Spaces 

7 7 Total 

5-25A 

1-300A 

259  Active,  Total 
(10*)  Spare  Snaces) 

23 

148 

23 

16 

19 

6 

6 

9 

9 

Percent  of  Total 
Active  SSPCs 

8.9 

57.1 

8.9 

6.2 

7.3 

2.3 

2.3 

3.5 

3.5 

. •'  i <e  Percent 
* ' • • 'ctlve  SSPCs 

8.9 

66.0 

74.9 

81.1 

88.4 

90.7 

93.0 

96.5 

100.0 
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APPENDIX  B 


ADVANCED  SOLID  STATE 
POWER  CONTROLLER  DEVELOPMENT 

PHASE  I STUDY  REPORT 
20  FEBRUARY  1978 

BY 

D.  E.  LAUTNER 
A.  J.  MAREK 
J.  R.  PERKINS 

FOR 

TELEPHONICS  CORPORATION 

BY 


VOUGHT  CORPORATION 
AN  LTV  COMPANY 


TABLE  OF  CONTENTS 


1.0 


2.0 


3.0 


4.o 


INTRODUCTION 

SSFC  INSTALLATION  DESIGN  CRITERIA 


2.1  Electrical  System  Installation  Requirements.  . . 

2.1.1  Load  Management  Center  Considerations.  . . . 

2. 1.1.1  Cockpit  Load  Management  Center  

2. 1.1. 2 Left  Avionics  Bay  Load  Management  Center  . . 

2. 1.1. 3 Right  Avionics  Bay  Load  Management  Center.  . 

2. 1.1. 4 Aft  Section  Load  Management  Center  

2. 1.1. 5 Wing  Station  Load  Management  Centers  . . . . 

2. 1.1.6  26  Volt  AC  Instrument  Power  Center  

2.1.2  EMUX  Hardware  Installation  

2. 1.2.1  Multiplex  Terminals 

2. 1.2. 2 EMUX  Processors 

2. 1.2. 3 Maintenance  Panel 

2.1.3  System  Functional  and  Physical  Configuration 

2.2  Electrical  System  Load  Complement 
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1.0 


INTRODUCTION 


6- 
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This  study  was  performed  as  a subcontract  to  the  Advanced  Solid 
State  Power  Controller  Development  program,  AFAPL  Contract  F33615-77-C-2017 . 
The  work  performed  under  this  contract  is  in  accordance  with  requirements  of 
Telephonies  Statement  of  Work  459A604.  The  purpose  of  this  subcontract  is 
to  provide  information  about  the  use  of  Solid  State  Power  Controllers  (SSPCs) 
on  aircraft  which  affect  the  SSPC  design.  The  evolved  data  will  be  used  by 
Telephonies  Corporation  to  influence  the  design  and  development  of  SSPC 
devices,  with  the  ultimate  objective  of  making  the  SSPCs  compatible  with 
USAF  requirements. 

The  program  is  divided  into  two  phases.  Phase  I is  directed  to 
establishing  data  and  requirements  to  support  the  design  and  development  of 
the  SSPC.  Phase  II  will  cover  the  testing  and  evaluation  of  the  SSPC 
developed  in  Phase  I. 

This  Phase  I study  report  documents  design  and  installation 
considerations  and  requirements  of  Solid  State  Power  Controller  (SSPC) 
devices  as  related  to  application  on  advanced  military  aircraft.  The  study 
encompasses  a number  of  technical  design  and  application  factors  of  the  SSPC 
which  include : 


o SSPC  Installation  Design  Criteria 


i 


o Aircraft  Power  Bus  Characteristics  and  Requirements 
o SSPC  Safety  Considerations 

o SSPC  Input/Output  Signal  Interface  Criteris 
o SSPC  Thermal  Considerations 
o SSPC  Application  Cost  Factors 

Each  of  these  areas  is  discussed  in  the  subsequent  major  paragraphs. 
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The  Phase  II  final  report  will  document  the  testing  and  evalua- 


tion of  the  SSPCs.  The  report  will  describe  the  test  circuits,  test  procedure, 
test  results,  and  conclusions  and  recommendations  drawn  from  the  test  results. 


' 


f 

I 


} 


2.0  SSPC  INSTALLATION  DESIGN  CRITERIA 

Discussed  in  this  section  are  factors  relating  to  the  application 
and  use  of  SSPC  in  typical  fighter-attack  aircraft. 

Factors  addressed  include  electrical  system  equipment  (SSPC,  EMUX 
hardware,  loads  and  electrical  cables  and  harnesses)  installation  requirements; 

SSPC  load  compatibility  considerations  which  include  load  types,  quantities  and 
locations  along  with  current  starting  requirements  for  typical  loads;  and  a 
SSPC  configuration  trade. 

2.1  Electrical  System  Installation  Requirements 

The  EMUX  equipment  should  be  appropriately  installed  in  the  aircraft 
to  provide  maximum  benefit  to  the  aircraft  electrical  system.  Equipment  location 

1 

is  dictated  by  such  svstem  considerations  as:  proximity  of  SSPC's  to  loads 
served;  length  of  power  wire  harnesses;  and  ease  of  maintenance  access.  Figure 

1 

1 depicts  a representative  installation  for  the  A-7D.  The  loads  served  by  the 

EMUX  equipment  are  concentrated  in  the  cockpit  area  and  the  avionic  equipment 

bays.  These  normally  congested  areas  must  contain  space  provisions  for  the 

EMUX  hardware  and  yet  reasonable  access  for  maintenance.  To  achieve  this  for  the 

A-7D,  some  utilization  equipment  must  be  relocated  to  allow  more  optimum  EMUX 

component  location.  It  is  noted  that  the  optimum  EMUX  installation  can  best  be 

attained  in  a new  design  as  opposed  to  a retrofit  type  aircraft  application.  ij 

The  installation  of  the  EMUX  equipment  (retrofit  type  application)  is  discussed 

in  detail  in  the  following  paragraphs. 

2.1.1  Load  Management  Center  (LMC)  Considerations 

Groups  of  Solid  State  Power  Controllers  (SSPC)  are  housed  in  metal 
enclosures  and  located  in  various  aircraft  areas.  The  enclosures  provide 
protection  to  the  SSPCs  from  mechanical,  battle,  and  maintenance  damage,  while 
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FIGURE  lb:  A- 7 EMUX  INBOARD  PROFILE 


FIGURE  1 

EMUX  EQUIPMENT  LOCATIONS 


ITEM  ZONE  DESCRIPTION 

1 E13.1  Current  Sensor 

2 E12.1  Controller,  Main  Bus 

3 E12.1  EMUX  Terminal  19 

4 E12 . 1 Generator  Control  Unit , Main 

5 Ell.l  External  Power  Monitor 

6 Ell.l  Coupler,  Data  Line 

7 Ell.l  Bus  Controller,  External  Power 

8 Ell.l  Fuse  Panel,  Main  Generator 

9 E10.1  Signal  Conditioner  Unit 

10  E10.0  Load  Mgmt.  Center,  Aft  Section 

11  E10.0  Receptacle,  Ext  Pwr 

12  E10.1  Load  Mgmt  Center,  R.H.  Avionics  Bay  (Includes  EMUX  Terminals  17  & Id) 

13  E 9.1  EMUX  Processor,  RH  Avionics  3ay 

14  E 9.1  Relay  Assy 

15  E 8.1  Generator  Control  Unit,  Emer 

16  E 8.1  Fuse  Panel,  Emer  Generator 

17  E 8.1  Bus  Controller,  Emer 

18  E 8.1  Power  Conditioner  Unit,  Emer 

19  E 7.1  Lighting  Pwr  Protective  Unit 

20  E 7.1  EMUX  Terminal  7 

21  E 6.1  EMUX  Terminal  8 

22  E 6.1  EMUX  Terminal  2 

23  C 5.1  Cockpit  Interface  Unit 

24  C 5.1  26  VAC  Instr  Power  Center 

25  B 5.1  EMUX  Terminal  3 

26  B 5.1  Input/Output  Card  Assy 

27  B 8.1  Generator,  Emergency 

28  B 8.1  Input/Output  Card  Assy 

30  Bll.l  Power  Conditioner  Unit,  Main 

31  B12.1  Heat  Exchanger,  Main  Gen  Gearbox 

32  B12.1  Air  Exhaust,  PCU  Cooling 

33  B12.1  Generator,  Main 

34  312.1  Air  Intake,  PCU  Cooling 

35  B13.1  Gearbox,  Speed  Increaser 

36  B13.1  Fan  PCU  Cooling 

37  C16.2  EMUX  Terminal  9 

38  D16.2  Load  Mgmt  Center,  Cockpit  ESS 

39  E16.2  Load  Mgmt  Center,  Cockpit  Non-Ess 

40  E15.2  EMUX  Terminal  10 

41  E15.2  EMUX  Terminal  1 

42  E14.2  EMUX  Terminal  11 

43  E14.2  Input/Output  Card  Assy. 

44  E14.2  EMUX  Terminal  5 

45  E13.2  Weapon  Station  Switching  Unit 

46  E13.2  EMUX  Terminal  15 

47  E13.2  EMUX  Terminal  13 
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FIGURE  1 


EMUX  EQUIPMENT  LOCATIONS 
(Continued) 


ITEM 

ZONE 

DESCRIPTION 

48 

E13.2 

EMUX  Terminal  12 

49 

E12.2 

Load  Mgmt  Center  L.H.  Avionics  Bay  (includes  EMUX  Terminal  14) 

50 

Ell. 2 

Card  Assy 

51 

Ell.  2 

EMUX  Processor  1 

52 

Ell.  2 

Weapon  Type  Data  Unit 

54 

E10.2 

EMUX  Terminal  16 

55 

E10.2 

Maintenance  Panel  (EMUX) 

56 

G18.2 

Load  Center,  L.H.  Wing 

57 

G18.2 

Load  Center,  R.H.  Wing 

58 

F18.2 

EMUX  Terminal  20 

59 

E18.2 

EMUX  Terminal  23 

60 

G17.2 

Terminal  Strip 

61 

G17.2 

Card  Assy,  Signal  Conditioner 

62 

E 9.2 

Starter  Battery,  (Relocated) 
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affording  similar  protection  to  the  main  and  emergency  power  buses.  These 
enclosures  or  "Load  Management  Centers"  form  the  nuclei  of  the  aircraft  power 
distribution  subsystem  (PDS).  Since  the  LMC  is  the  PDS  nucleus,  one  of  the  first 
steps  in  advanced  aircraft  electrical  system  design  is  to  determine  the  optimum 
number  and  location  of  LMCs  required  to  implement  all  aircraft  electrical 
functions.  Two  basic  approaches  for  LMC  location  exist:  (1)  one  LMC  located 
in  the  aircraft  load  centroid  servicing  all  electrical  loads;  vs  (2)  several 

LMCs  located  in  areas  of  high  load  density.  The  major  advantage  of  the 

centralized  LMC  concept  is  that  a power  bus  management  (feeders,  feeder 

protectors,  etc.)  system  is  essentially  not  required.  The  buses  within  the 

centralized  LMC  provide  bus  management  (i.e.,  switching  between  power  sources) 
and  the  fault  protection  built  into  the  generator  provides  protection  of  the  power 
feeders  between  the  generators  and  the  buses.  In  addition  , the  point  of  genera- 
tor system  voltage  regulation  is  at  the  LMC  bus.  This  location  minimizes  voltage 
drop  between  the  generator  and  each  load. 

The  advantages  of  a distributed  LMC  concept  include: 
o Lower  vulnerability  to  combat  damage  since  no  single  location 
exists  where  combat  damage  could  destroy  all  aircraft  power, 
o Maintenance  is  simplified  due  to  smaller  packages  of  SSPCs. 
o Heat  dissipated  by  the  SSPCs  is  distributed  about  the  aircraft 

rather  than  concentrated  in  one  area, 
o Total  system  weight  is  reduced. 

Figure  2 illustrates  the  variation  in  PDS  weight  for  an  A-7  type  aircraft  as 
the  number  of  LMCs  is  varied  from  one  (centralized  LMC)  to  seven  (Distributed 
LMCs).  As  shown  in  the  figure,  bus  management  system  weight  (includes  SSPCs 


NUMBER  OF  DISTRIBUTION  CENTERS 


as  well  as  feeders  and  feeder  protectors)  increases  as  the  number  of  LMCs 
increase.  However,  the  weight  of  power  distribution  wiring  decreases  as  LMCs 
are  divided  and  located  closer  to  loads.  The  result  is  that  total  weight  decreases 
as  the  number  of  centers  increase  (up  to  six  LMCs  for  the  A-7).  Above  six 
LMCs,  the  decrease  in  power  distribution  wiring  is  insufficient  to  offset  the 
increase  in  bus  management  hardware  weight.  For  an  A-7  size  aircraft,  the 
optimum  LMC  arrangement  as  a function  of  weight  dictates  use  of  six  distributed 
load  management  centers. 

Figure  3 depicts  a representative  LMC  concept  for  the  A-7  along  with 
the  approximate  feeder  lengths  and  the  steady  state  essential  (E)  and  non- 
essential  (HE)  power  requirements  for  each  LMC.  These  load  centers  are  located 
near  the  cockpit,  in  the  left  and  right  hand  avionics  bays,  in  the  aft  section 
equipment  compartment,  and  in  each  wing  pylon  station.  The  LMC  hardware  consists 
of  power  controllers,  a bus  isolation  relay,  bus  isolation  diodes,  feeder  input 
terminal  strips  and  mounting  structure  required  for  these  components.  The  two 
avionics  bay  load  centers,  left  hand  and  right  hand  side,  contain  one  and  two 
EMUX  terminals,  respectively.  The  wing  load  centers  in  pylon  stations  t>2  and 
tH  also  contain  one  EMUX  terminal  each. 

The  construction  details  of  each  load  management  center  are  similar. 

They  would  typically  be  built  of  formed  sheet  metal  and  extrusions  riveted 
together  to  form  support  structure  for  the  controllers,  multiplex  terminal, 
other  components  and  associated  wiring.  The  power  controllers  are  mounted  on 
.125  inch  thick  aluminum  plates  which  serve  as  both  mounting  plate  and  heat 
sink.  Self-locking  blind  nuts  are  swaged  into  these  plates  and  the  controllers 
are  secured  with  screws  and  washers.  The  use  of  this  controller  installation 
technique  minimizes  the  hardware  to  be  handled  during  maintenance  or  circuit 
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FIGURE  3:  DISTRIBUTION  I.OAD  MANAGEMENT  ARRANGEMENT 


change  operations.  The  wing  load  management  centers  are  exceptions  to  this 
installation  method.  In  these  centers,  the  controllers,  terminals,  and  other 
components  are  mounted  directly  to  one  of  the  pylon  access  panels  with  screws, 
washers  and  self-locking  nuts.  The  left  hand  avionics  bay  load  management  center 
is  shown  in  Figure  4 and  is  typical  of  fuselage  load  centers.  In  this  center  it 
should  be  noted  that  two  mounting  plates/heat  sinks  are  hinged  to  the  main 
structural  assembly  and  one  is  rigidly  attached.  These  hinged  mounting  plates 
provide  for  easy  access  to  all  controllers  in  the  load  center  assembly.  In 
addition,  the  complete  load  management  center  assembly  hinges  out  to  provide 
convenient  access  to  components  mounted  behind  the  center.  To  swing  the  load 
center  out,  two  (2)  to  four  (4)  quarter  turn  type  captive  fasteners  can  be  un- 
locked allowing  the  load  center  to  rotate  about  its  hinge  centerline. 

2. 1.1.1  Cockpit  Load  Management  Center 

The  cockpit  load  center  is  located  on  the  left  side  of  the  aircraft 
approximately  two  (2)  feet  behind  the  duct  lip  and  five  (5)  feet  above  the 
deck  with  the  aircraft  in  the  static  position.  It  is  divided  into  two  sections, 
essential  and  nonessential.  The  essential  section  has  provisions  for  79 
controllers  (including  spares)  and  the  nonessential  section,  51  controllers 
(including  spares).  Each  section  is  made  up  of  hinged  controller  panel 
assemblies.  Access  to  these  load  centers  is  gained  through  a single  access 
panel.  Removal  of  approximately  twenty  (20)  screws  is  required  to  remove  the 
access  panel. 

Based  on  the  vibration,  acceleration  and  shock  requirements  for  the 
controllers  as  specified  by  MIL-P-81653,  special  mounting  provisions  are  not 
required.  A thermal  analysis  for  the  load  management  center  installation 
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POWER  CONTROLLER  PANEL 
TYP  - 2 PLACES 


FIGURE  A:  TYPICAL  LOAD  MANAGEMENT  CENTER  DESIGN 


A-7D  structural  changes  required  for  installation  of  the  cockpit 
load  management  center  include: 

o Reduction  of  cross-sectional  height  of  two  sheet  metal  duct 
frames  in  the  area  of  the  power  controller  panel  assemblies 
to  provide  clearance  between  the  skin  and  the  air  duct  for 
the  load  center. 

o Redesign  three  duct  frames  locally  to  provide  support  for  the 
hinged  panels  of  the  cockpit  load  center, 
o Redesign  the  aircraft  skin  locally  to  provide  the  load  center 
access  panel  and  back-up  structure, 
o Design  two  (2)  intercostals  to  provide  support  for  the  hinged 
panels  to  strengthen  the  air  duct  and  skin  in  the  area  of  the 
reworked  duct  frames  and  to  provide  an  edge  member  for  the 
access  panel  opening. 

2. 1.1. 2 Left  Avionics  Bay  Load  tlanagement  Center 

The  left  avionics  bay  load  center  is  located  at  the  forward  end 
of  the  bay  in  the  space  used  for  the  circuit  breaker  panel  in  the  conventional 
aircraft.  It  is  five  (5)  feet  above  the  deck  with  the  aircraft  in  the  static 
position.  The  entire  load  center  assembly  is  hinged  to  provide  easy  access 
to  power  controllers  and  other  components  mounted  in  the  center  as  well  as 
equipment  located  behind  it.  The  center  contains  provisions  for  132 
controllers  (including  34  spares)  mounted  on  two  hinged  panels  and  one  fixed 
panel,  one  multiplex  terminal,  a bus  isolation  relay,  diodes  and  other 
associated  equipment  and  wiring.  Access  to  this  load  center  is  through  the 
existing  quick  opening  avionics  bay  door  hinged  at  the  bottom.  The  environment 
in  the  avionics  bay  is  adequate  to  meet  the  needs  of  the  load  center 
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withouC  any  special  environmental  considerations.  Structural  modifications 
required  for  the  installation  of  this  load  center  are  minor.  These  involve 
adding  new  hinge  support  brackets  to  the  X346.5  hilkhead,  trimming  the 
avionics  shelf  and  adding  new  panel  stops. 

2. 1.1. 3 Right  Avionics  Bay  Load  Management  Center 

The  right  avionics  bay  load  center  is  located  at  the  forward  end 
of  the  bay  in  the  space  used  for  the  circuit  breaker  panel  in  the  conventional 
design.  It  is  five  (5)  feet  above  the  deck  with  the  aircraft  in  the  stacic 
position.  The  load  management  center  assembly  is  hinged  to  provide  easy 
access  to  power  controllers  and  other  components  mounted  in  the  center  as 
well  as  equipment.  The  center  contains  provisions  for  48  controllers  mounted 
on  two  fixed  panels,  two  multiplex  terminals,  a bus  isolation  relay,  diodes 
and  other  associated  equipment  and  wiring.  Access  to  this  load  center  is 
through  the  existing  quick  opening  avionics  bay  door  hinged  at  the  bottom. 

The  environment  in  the  avionics  bay  is  adequate  to  meet  the  needs  of  the  load 
center  without  any  special  environmental  considerations.  Structural  modifica- 
tion required  for  the  installation  of  this  load  center  are  minor.  These 
involve  adding  new  hinge  support  brackets  to  the  X346.5  bulkhead  and  adding 
new  panel  stops. 

2. 1.1. 4 Aft  Section  Load  Management  Center 

The  aft  section  load  center  is  located  in  the  aft  section  equipment 
compartment.  It  contains  provisions  for  28  power  controllers.  It  is  hinged 
from  the  X526.5  bulkhead  to  provide  access  to  the  controllers  and  the  main 
generator  fuse  panel  located  behind  the  center.  Access  to  this  load  center 
is  gained  through  the  aft  section  equipment  compartment  access  panel  (an 
enlarged  A-7D  battery  compartment  access  panel).  The  center  is  five  (5) 
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feet  above  the  deck  with  the  aircraft  in  the  static  position.  The  construction 
of  aft  section  equipment  compartment  provides  the  necessary  environmental 
conditioning  required  by  the  load  center.  Structural  changes  required  to 

install  this  load  center  into  the  aircraft  are  minor.  These  involve 

adding  hinge  support  brackets  to  the  X526.5  bulkhead  and  panel  stops  to  the 
new  floor. 

2. 1.1. 5 Wing  Station  Load  Management  Ceaters 

The  wing  load  management  centers  are  located  in  the  pylons  at 
each  wing  station.  They  are  located  in  the  space  previously  occupied  by 
the  hoist  provisions  (no  longer  required  on  the  conventional  or  EMUX 
airplane).  The  load  centers  in  the  pylons  at  each  wing  station  contain 
the  following  provisions  for  power  controllers: 

o Wing  stations  #1  and  #8  18  controllers  (including  spares) 

o Wing  stations  #2  and  #7  12  controllers  (including  spares) 

o Wing  stations  #3  and  /) 6 14  controllers  (including  spares) 

Each  of  these  load  management  centers  has  a feeder  input  terminal  strip.  All 
controllers  and  terminal  strips  are  mounted  directly  to  their  respective  pylon 
access  panels.  Access  to  the  centers  is  gained  through  the  opposite  pylon 
access  panel.  All  pylon  load  centers  are  approximately  six  (6)  feet  above  the 
deck  with  the  aircraft  in  the  static  position.  Special  environmental  considera- 
tions are  not  required  for  the  wing  load  centers.  The  structural  changes 
required  for  the  .installation  of  these  centers  involve  adding  mounting  hoies  . 
and  back-up  angles  to  the  pylon  access  panels.  These  changes  are  minor. 

2. 1.1. 6 26  Volts  AC  Instrument  Power  (Cockpit)  Center 

In  addition  to  the  six  main  LMCs , a special  LMC  for  controlling 
26  volt  ac  instrument  power  is  located  in  the  right  rudder  pedal  access 


approximately  seven  (7)  feet  above  the  deck  with  the  aircraft  in  the  static 
position.  This  power  center  has  provisions  for  18  power  controllers.  It 
is  hinged  to  allow  access  to  the  power  controllers  as  well  as  to  the  rudder 
pedals  for  rigging  and  maintenance.  Access  is  gained  through  the  existing 
rudder  pedal  access  panel.  The  power  center  is  located  inside  the  cockpit, 
therefore,  it  requires  no  special  environmental  considerations.  Only  minor 
changes  are  required  to  Install  the  power  center,  these  being  the  addition 
of  hinge  angles  and  panel  stops. 

2.1.2  EHUX  Hardware  Installation 

The  location  of,  EMUX  terminals  was  determined  by  distribution  of 
loads  and  of  input  signal  sources.  The  two  central  data  processors  can  be 
located  anywhere  in  the  aircraft  as  long  as: 

a)  Access  to  the  data  buses  is  available 

b)  The  processor  is  compatible  with  the  ambient  environment,  and 

c)  Sufficient  separation  between  the  two  processors  is  achieved 
for  vulnerability  enhancement. 

The  only  EMUX  terminal  location  factor  affecting  system  weight  and  reliability 
results  from  the  length  of  wire  harnessing  between  the  terminal  and  the 
interfacing  hardware  (SSPCs,  signal  sources,  etc.).  To  minimize  harness 
length  for  input  functions  to  the  EMUX  terminal  requires  locating  the  terminal 
to  minimize  the  average  distance  from  source  to  terminal.  The  constraint 
on  this  minimization  results  from  physical  restrictions  of  locating  the  terminal 
at  the  desired  location.  Due  to  this  constraint,  the  input  channels  to  an 
EMUX  terminal  will  almost  never  be  located  at  the  desired  minimal  point.  The 
minimalization  constraints  are  not  as  severe  for  EMUX  terminal  output  channels, 
'lost  EMUX  output  channels  interface  with  power  controllers.  Since  these 
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SSPCs  are  installed  in  a protective  enclosure,  their  location  is  concentrated 
into  several  small  areas.  This  concentration  permits  reducing  the  harness 
between  terminal  and  SSPC  to  a length  constrained  only  by  space  availability 
at  the  load  management  centers.  To  afford  comparable  protection  to  EMUX 
terminals  controlling  power  flow  as  is  provided  to  the  source  of  that  power, 
the  EMUX  output  terminals  will  ideally  be  enclosed  within  the  same  LMC 
protective  housing.  This  packaging  concept  was  established  as  the  goal  for 
EMUX  implementation  of  the  A-7D  and  was  achieved  for  all  LMCs  except  in  the 
cockpit.  The  EZtUX  terminals  were,  however,  located  immediately  adjacent  to 
the  LMC  at  the  cockpit  LMC. 

The  paragraphs  which  follow  discuss  the  physical  location  and 
installation  details  for  EMUX  terminals,  processors,  and  maintenance  panel. 

2.1.2. 1 Multiplex  Terminals 

The  installation  of  the  multiplex  terminals  in  the  aircraft  has  not 
required  any  special  cooling  requirements.  Some  terminals  do  require 
isolation  mounts  because  of  vibration  and  shock  environment. 

Three  (3)  multiplex  terminals  are  located  adjacent  to  the  cockpit 
load  center.  These  terminals  are  isolation  mounted  to  make  their  installation 
compatible  with  the  vibration  and  shock  environment  imposed  by  the  M61  gun. 

Six  (6)  data  line  couplers  are  also  installed  in  this  area.  Access  to  these 
components  is  through  two  (2)  screwed-on  access  panels  approximately  five  (5) feet 
above  the  deck  with  the  aircraft  in  the  static  position.  Aircraft  structural 
changes  for  installation  of  these  components  are  similar  to  those  described 
for  the  cockpit  load  center  requiring  additional  sheet  metal  parts  to  provide 
mounting  structures  for  these  components.  Three  duct  frames  are  also  modified 
to  provide  clearance  for  the  terminals  between  the  duct  and  the  aircraft  skin. 
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One  terminal  serves  the  loads  in  the  left  console.  It  is  located 


just  outsiiu  the  cockpit,  adjacent  to  the  console  area.  Two  (2)  data  line 
couplers  and  the  left  hand  console  input/output  card  assembly  are  located 
near  this  terminal.  They  are  six(6)  feet  above  the  deck  with  the  aircraft 
in  the  static  position.  Access  to  these  components  is  through  a new  access 
panel  secured  with  approximately  sixteen  (16)  screws.  Structural  changes 
made  to  the  aircraft  for  this  installation  involve  reworking  two  duct  frames 
to  add  mounting  brackets  for  the  terminal,  I/O  assembly  and  couplers.  An 
edge  member  is  added  and  the  skin  panel,  longeron  and  bulkheads  in  the  area 
are  also  modified  to  make  provisions  for  the  new  access  panel. 

Three  terminals,  two  for  the  right  hand  console  loads  and  one  for 
instrument  board  loads,  are  located  just  outside  the  cockpit  adjacent  to 
the  RH  console  and  instrument  board  areas.  Six  (6)  data  line  couplers  and 
the  right  hand  console  input/output  card  assembly  are  located  near  these 
terminals,  and  are  approximately  six  (6)  feet  above  the  deck  with  the  aircraft 
in  the  static  position.  Access  is  through  two  new  panels  secured  with 
approximately  sixteen  (16)  screws  each.  Structural  changes  made  to  the 
aircraft  for  this  installation  involve  reworking  six  (6)  duct  frames  to  add 
mounting  provisions  for  the  terminals  and  signal  conditioner.  Mounting 
provisions  are  added  to  the  windshield  bulkhead  and  lower  longeron  for  the 
data  line  couplers.  New  edge  members  are  added  around  the  forward  access 
panel.  The  edge  members  of  the  aft  compartment  are  changed  to  add  provision ^ 
for  the  new  panel  fasteners. 

Two  terminals  serving  instrument  board  loads  are  located  in  the 
cockpit  forward  of  the  instrument  board,  one  on  the  left  hand  side  and  one  on 
the  right  hand  side,  near  the  outer  skin.  The  right  hand  terminal  is  directly 
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moved  Co  the  radar  compartment.  Two  data  line  couplers  are  installed  adjacent 
to  each  terminal.  These  components  are  approximately  eight  (8)  feet  above 
the  deck  with  the  aircraft  in  the  static  position.  Component  access  is 
through  the  left  and  right  hand  rudder  pedal  access  panels.  The  only 
structural  changes  required  are  those  needed  to  provide  mounting  provisions 
for  each  terminal  and  data  coupler.  These  changes  are  minor  and  no  new 


access  panels  are  required. 

Five  (5)  multiplex  terminals  serving  avionics  bay  loads  are  installed 
in  the  left  hand  avionics  bay.  One  terminal  is  installed  inside  the  load 
management  center.  Three  terminals  are  installed  in  the  forward  end  of  the 
bay  inboard  of  the  load  center  and  between  the  floor  and  shelf  in  the  space 
reserved  for  LORAN  on  the  conventional  design.  One  of  these  three  terminals 
is  mounted  on  the  bottom  surface  of  the  shelf.  The  other  two  are  installed  on 
new  mounting  structure  between  the  shelf  and  the  floor.  The  PC  card  rack 
assembly  (assembly  contains  output  cards,  signal  conditioning  cards  and  relay 
cards)  and  eight  (8)  data  line  couplers  are  installed  in  the  space  used  by  the 
existing  relay  rack  assembly  on  the  conventional  design.  The  remaining 
terminal  is  located  at  the  aft  end  of  the  shelf  on  the  top  side.  Four  (4) 
data  couplers  are  mounted  at  the  aft  end  of  the  bay  for  the  terminal  and  the 
processor.  Access  to  all  these  EMUX  components  is  through  the  avionics  bay 
door  which  is  quick  opening  and  hinged.  The  avionics  bay  environment  is 
adequate  to  meet  the  requirements  of  all  these  components.  The  structural 
changes  are  confined  to  changing  the  mounting  hole  patterns  in  the  floor  and 
shelf  and  adding  a simple  sheet  metal  structure  between  the  floor  and  shelf. 
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Two  multiplex  terminals  are  installed  in  the  right  hand  avionics 


bay.  They  are  installed  inside  the  load  management  center.  One  multiplex 
terminal,  two  (2)  data  line  couplers  and  a signaJL  conditioner  unit  are 
installed  in  the  aft  section  equipment  compartment.  The  terminal  and  couplers 
are  mounted  on  the  inboard  web  near  the  aft  end  of  the  compartment.  The 
signal  conditioner  unit  is  mounted  on  the  X526.5  bulkhead.  The  environment 
of  this  bay  is  adequate  to  meet  the  requirements  of  the  components.  The 
structural  change  required  for  installation  of  these  units  is  included  as 
part  of  the  new  aft  section  equipment  compartment  build-up. 

One  multiplex  terminal  is  installed  in  the  pylon  at  wing  stations 
# 2 and  //7.  Also  an  input/output  circuit  card  assembly  is  installed  at  all 
six  (6)  wing  station  pylons.  No  special  environmental  protection  is  required 
by  these  components.  Two  formed  sheet  metal  brackets  are  required  for  the 
installation  of  each  of  these  components. 

2. 1.2. 2 EMUX  Processors 

One  processor  is  installed  in  each  avionics  bay.  The  processor 
in  the  left  bay  is  supported  from  the  engine  air  duct  near  the  aft  end  of  the 
bay.  Two  (2)  data  line  couplers  are  installed  near  this  processor.  Mounting 
structures  consisting  of  four  (4)  sheet  metal  angles  and  several  clips  are 
provided  for  installation  of  the  processor. 

The  processor  in  the  right  bay  is  installed  on  top  of  the  shelf 
near  the  forward  end.  Two  (2)  data  line  couplers  are  installed  adjacent  to 
the  processor.  The  right  hand  bay  input/output  card  assembly  is  mounted  to 
the  bottom  side  of  the  shelf  near  the  processor.  The  structural  changes 
required  for  installation  of  this  equipment  involve  adding  inserts  and 
mounting  holes  to  the  avionics  bay  shelf. 

The  avionics  bay  environments  meet  all  requirements  for  the 
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installation  of  the  two  EMUX  processors. 

2. 1.2. 3 Maintenance  Panel 

The  maintenance  panel  is  located  in  the  left  hand  avionics  bay.  The 
panel  is  hinged  from  the  bulkhead  at  the  aft  end  of  the  bay (X404. 5 ) to  provide 
access  to  equipment  installed  behind  it.  The  tape  collector  and  tape  cart- 
ridge are  directly  accessible  on  the  front  of  the  panel.  Access  to  the 
maintenance  panel  is  through  the  avionics  bay  door.  The  environment  of  the 
avionics  bay  meets  the  requirements  of  the  panel.  The  structural  changes 
required  to  install  the  panel  involve  adding  hinge  brackets  to  the  bulkhead 
and  panel  stops  to  the  shelf. 

2.1.3  System  Functional  and  Physical  Configuration 

The  functional  schematic  shown  in  Figure  5 depicts  the  general 
functional  as  well  as  physical  configuration  of  an  EMUX  controlled  aircraft 
electrical  power  distribution  subsystem  for  the  A-7.  In  addition.  Figure  6 
presents  a prospective  view  of  the  A-7  to  illustrate  a three  dimensional 
layout  of  the  EMUX  data  bus  and  major  hardware  components. 

2.2  Electrical  System  Load  Complement 

The  electrical  loads  of  the  A-7  aircraft  were  analyzed  to  determine 
the  mix  of  load  types,  power  requirements  and  power  categories.  While  the 
load  mix  analysis  gives  an  indication  of  load  distribution  in  a typical 
fighter- attack  aircraft,  the  results  can  also  be  used  as  a basis  for  determining 
the  optimum  solid  state  power  controller  (SSPC)  rating  mix. 

In  the  load  discussion  which  follows,  an  electrical  load  is  defined 
as  any  device  connected  to  each  SSPC.  This  means  that  if  a given  LRU  requires 
30  ac  power  plus  dc  power  for  operation,  that  LT  r would  equate  to  four  loads 
(i.e.  , one  load  for  each  ac  power  phase  and  one  load  for  dc).  The  reason  for 
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this  load  definition  is  to  yield  a load  mix  meaningful  to  the  number  and  type 
of  power  switching  functions  required  to  operate  the  LRU.  Figures  7 through 
11  summarize  the  quantity  of  loads  (i.e.,  power  switching  functions)  required 
as  a function  of  delivered  power  (independent  of  power  type,  i.e.,  28  VDC, 

115  VAC,  etc.).  The  figures  are  in  bar  chart  formats  illustrating  general 
distribution  of  loads  versus  power  required.  Figure  7 depicts  the  distribu- 
tion for  all  aircraft  loads  independent  of  load  type.  This  total  load 
distribution  illustrates  the  expected  spread  of  loads  versus  power,  (i.e., 
as  power  increases,  the  number  of  loads  decrease).  Figures  8 through  11 
illustrate  the  load  distribution  as  a function  of  power  for  the  following 
various  load  categories: 

a)  Electronic  LRUs  (Figure  8). 

b)  Loads  with  in  rush  current,  e.g. , motors,  lamps,  etc. 

(Figure  9) . 

c)  Weapons  (stores)  (Figure  10). 

d)  Loads  with  turn-off  transients  (inductive)  (Figure  11). 

The  weapon  load  category  is  used  as  a general  grouping  due  to  the  projected 
implementation  technique  for  operating  weapons  on  EMUX  equipped  aircraft. 

This  implementation  technique  involves  establishing  a power  controller  set  at 
each  weapon  (store)  station  sufficient  to  handle  all  weapon  combinations 
expected  for  that  station.  To  minimize  the  SSPC  count  at  any  station,  each 
SSPC  will  be  used  for  multiple  functions.  The  SSPC  function  for  a particular 
store  will  be  determined  by  the  EMUX  processor  software  and  by  a weapon 
dedicated  electrical  adapter  cable  between  the  store  station  electrical  inter- 
face and  the  carried  weapon.  Figure  12  illustrates  this  SSPC  sharing  function. 
As  a result  of  SSPC  sharing,  the  total  SSPC  count  is  reduced  in  exchange 
for  requiring  each  SSPC  to  power  various  load  types.  For  example,  for  one 
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FIGURE  7 A- 7 LOAD  DISTRIBUTION  VS  REQUIRED  POWER 
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FIGURE  12:  WEAPON  STATION  SSPC  SHARING 


weapon,  SSPC  No  "X"  may  power  a motor  while  for  a different  weapon,  the  same 
SSPC  may  power  a resistive  load.  The  loads  shown  in  Figure  10  are  represents 
tive  of  the  mix  of  SSPC  power  ratings  required  to  implement  this  SSPC  sharing 
scheme  on  the  A-7  attack  aircraft.  The  A- 7 weapon  configuration  consists  of 
6 general  purpose  external  store  stations,  two  special  purpose  (sidewinder) 
store  stations  and  one  internal  cannon. 

The  next  three  figures  illustrate  the  distribution  for  115  volt, 
400  Hertz  loads  (Figure  13),  the  28  volt  dc  loads  (Figure  14),  and  26  volts, 
400  Hertz  instrument  bus  loads  (Figure  15) . These  figures  depict  load 
distribution  as  a function  of  current  required  from  the  respective  SSPC. 
Current  divisions  are  shown  in  increments  representative  of  potential  SSPC 
current  ratings. 

While  Figure  15  summarizes  the  current  vs  quantity  distribution 
for  all  26  volt  ac  loads,  the  figure  also  depicts  the  specific  load  type,  i.e 
svnchro  and  small  motor  devices.  This  results  from  restricted  load  quantity 
and  type  indicative  of  instrument  power  distribution  systems. 

Figures  16  through  23  illustrate  the  spread  of  load  current 
requirements  for  115  volt,  400  Hertz  and  28  volts  dc  power.  The  figures 
show  these  load  current  distributions  as  a function  of  major  load  category. 

It  should  be  noted  that  with  the  exception  of  weapon  loads,  the  load  quantity 
generally  increases  as  the  load  current  decreases.  The  percent  of  total 
400  Hertz  and  28  volt  dc  loads  which  require  less  than  0.5  amperes  is  49 
percent  and  30  percent,  respectively. 


2.2.1 


SSPC  Ratings 

The  mix  of  available  power  controller  ratings  is  influenced  by 
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FIGURE  18  115VAC  MOTOR  LOAD  DISTRIBUTION 
311 


POWER  - VOLT  AMPERES 


O 

FIGURE  19 


CURRENT  - 115V  AC 

L5VAC  LAMP  AND  HEATER  LOAD  DISTRIBUTION 

719 


QUANTITY  OF  ELECTRONIC  LRU's 


FIGURE  21  28VDC  WEAPON  LOAD  DISTRIBUTION 
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FIGUR2  22  23V DC  MOTOR  AliD  DAMP  SCAD  DISTRIBUTION 
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1)  Current  capacities  of  available  wire  gauges 

2)  Built-in-Test  capability/sensitivity  of  SSPC 

3)  Multichannel  vs  single  channel  SSPC 

4)  Logistics  considerations 

2. 2. 1.1  Current  Capacity  of  Available  Wire 

One  approach  to  selecting  power  controller  ratings  is  to  assign 
a current  trip  level  which  matches  the  current  rating  of  the  various  wire 
gauges.  Table  1 lists  current  ratings  of  military  grade  "airframe"  wire. 

These  ratings  are  representative  of  design  limits  used  for  wire  harness 
bundles  exposed  to  MIL-E-5^00  environments.  The  ratings  assume  use  of  con- 
ductors with  150°C  or  200 °C  rated  insulations  as  indicated  in  the  table. 

Typical  insulation  ratings  available  are  105°C,  150°C  and  200°C.  Use  of  wire 
smaller  than  24  gauge  requires  specific  approval  of  the  procuring  activity. 

The  current  capacities  in  the  table  were  calculated  based  on  simul- 
taneous occurance  of  the  high  temperature  and  altitude.  This  assumption  adds 
safety  margin  to  the  wire  ratings  since  it  is  extremely  difficult  to  develop  an 
environment  which  simultaneously  has  maximum  temperature  and  maximum  altitude. 

It  is  desirable  from  a weight  and  volume  viewpoint,  to  use  the 
smallest  wire  gauge  possible  for  each  application.  The  smallest  wire  gauge 
is  determined  by  current  capacity  needs , maximum  allowable  line  voltage  drop 
and  mechanical  strength  requirements.  The  impact  of  voltage  drop  considera- 
tions on  wire  gauge  can  be  seen  in  Table  2.  The  table  shows  the  maximum 
current  for  various  gauges  as  a function  of  power  wire  length  (including  power 
return)  and  MIL-E-5400  environments.  Since  a typical  minimum  wire  length  (power 
wire  plus  power  return  wire)  for  most  aircraft  applications  will  be  10  feet 
total,  the  associated  current  ratings  of  Table  2 will  be  'used  for  each  wire 
gauge  in  the  discussion  which  follows.  In  addition,  gauge  limitations 
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TABLE  1 


CURRENT  CAPACITIES*  OF  MILITARY 
AIRCRAFT  WIRE  (CONTINUOUS  RATING) 
(EXCLUDING  VOLTAGE  DROP  REQUIREMENT  ) 


WIRE  GAUGE 

MIL-E-5400  ENVIRONMENT  - CURRENT 

CLASS  2 

71°C,  70,000  FT. 

(150°C  RATED  INSULATION) 

| 

CLASS  4 

125°C,  100,000  FT. 

(200°C  RATED  INSULATION) 

14 

15 

13 

16 

12 

9.5 

18 

10 

8 

20 

7.5 

6 

22 

5 

4 

24 

4 

3 

26 

3 

2 

28  (Projected) 

2 

1.3 

30  (Projected) 

1.5 

1.0 

* CAPACITIES  CALCULATE! 

PER  MIL-W-5088F. 

TABLE  2 


CURRENT  CAPACITIES  OF  MILITARY 
AIRCRAFT  WIRE  BASED  ON  VOLTAGE  DROP  (.8  VOLTS  MAX) 

AND  TEMPERATURE  LIMITS 


MIL-E-5400  ENVIRONMENT  - CURRENI 


WIRE  GAUGE 

(CLASS  )2  LENGTH 

ms 

15  FT. 

5 FT. 

10  FT. 

15  FT 

14 

15 

15 

11.61 

13 

13 

10.3 

16 

12 

11 

7 

9.5 

9.5 

6.5 

18 

10 

8.6 

5.75 

8 

7.6 

5 

20 

7.5 

5.5 

3.7 

6 

4.9 

3.2 

22 

5 

3.4 

2.3 

4 

3 

2 

24 

4 

2.2 

1.4 

3 

1.9 

1.3 

26 

2.7 

1.4 

.9 

2 

1.2 

.8 

28 

1.6 

.8 

.5 

1.3 

.7 

.5 

30 

1.0 

.5 

.3 

.9 

.45 

.3 

larger.  Since  most  fighter-attack  aircraft  fit  into  the  MIL-E-5400  Class  2 
category  t the  class  2 current  ratings  will  be  used.  Table  3 summarizes 
the  resulting  current  ratings  (rounded  off  to  lowest  integer)  associated  with 
various  wire  gauges. 

2. 2. 1.2  Built-In-Test  (BIT) 

Where  the  power  controllers  contain  a BIT  mode  which  checks  for 
current  drain  through  the  SSPC  when  the  SSPC  is  commanded  on,  proper 
BIT  operation  will  impose  limitations  on  the  range  of  currents  supplied  by 
any  given  SSPC.  A good  rule-of-thumb  for  BIT  current  sensor  sensitivity 
is  10  percent  of  the  controller  rating.  This  indicates  that  use  of  SSPCs 
for  loads  of  less  than  10  percent  of  the  SSPC  rating  could  result  in  false 
fault  indications  to  the  EMUX  processor.  To  minimize  occurances  of  false 
fault  indications,  each  power  controller  should  be  rated  at  no  less  than  10 
percent  of  its  next  higher  SSPC  rating.  For  example,  if  an  SSPC  is  desired 
with  a rating  under  a 2 ampere  rated  SSPC,  then  the  lower  rated  SSPC  should 
have  at  least  a 0.2  ampere  rating. 

2. 2. 1.3  Multichannel  vs  Single  Channel  SSPC 

One  approach  to  implementing  the  SSPC  function  is  to  provide 

several  power  controllers  on  a common  card  or  module.  With  this  scheme, 

several  SSPCs  can  possibly  share  common  hardware,  such  as  power  supplies  or 
2 

a time  shared  I t processor.  This  hardware  sharing  can  reduce  overall  failure 
rates,  system  size,  weight  and  life  cycle  cost. 

The  potential  problem  area  with  the  multichannel  scheme  lies  in  the 
need  for  programmable  trip  ratings.  For  the  multichannel  controller  to  be 
, feasible  from  a space  utilization  and  logistics  standpoint,  the  number  of  power 
controller  types  (voltage  levels  and  trip  ratings)  must  be  reduced.  This 
reduction  can  be  attacked  from  two  directions:  (1)  neutralize  the  effect  of 
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voltage  level/frequency  variations  and  (2)  provide  selectable  current  trip 
levels.  The  impact  of  various  system  voltage  level/frequencies  can  be 
neutralized  by  developing  a universal  SSPC.  This  SSPC  could  operate  from 
400  Hertz  ac  or  dc  and  at  various  voltage  levels.  Attempts  at  constructing 
such  universal  SSPCs  in  the  past'*'  indicated  that  performance  compromises 
(specifically  power  efficiency)  reduced  the  desirablility  of  this  approach. 

If  the  number  of  power  voltages  and  frequencies  used  in  aircraft  electrical 
systems  are  reduced  on  the  next  generation  aircraft  (as  is  the  trend),  then 
the  universal  SSPC  approach  may  become  more  feasible. 

If  a multichannel  SSPC  is  implemented  using  a microprocessor  for 

2 

I“t  and  BIT  data  processing,  then  it  should  be  feasible  to  provide  selectable 
current  trip  levels  for  each  channel  of  the  m ultichannel  module.  Ideally,  the 
trip  programming  would  occur  through  some  scheme  which  would  permit  trip 
level  selection  at  the  field  level.  The  major  potential  problem  area  in  the 
programming  approach  lies  in  the  resulting  sensitivity  required  for  the  current 
and  voltage  sensors  for  each  controller  channel.  If  these  sensors  are 
required  to  operate  over  too  broad  of  a range,  the  SSPC  trip  accuracy  may 
suffer. 


A first  cut  at  rating  selection  for  SSPC  is  given  in  the  discussion 
which  follows.  The  discussion  covers  two  SSPC  implementation  appraoches:  (1) 
single  channel  SSPC  module  and  (2)  multichannel  SSPC  module. 

An  analysis  was  conducted  to  minimize  system  weight  by  varying 
the  number  of  controller  ratings  and  the  current  trip  levels.  This  approach 
assumes  no  programming  capability  for  trip  level  and  no  universal  voltage/ 
frequency  compatibility. 

The  distribution  of  115  volt  ac,  and  28  volt  dc  loads  as  a function 


of  current  requirements  (previously  shown  in  Figures  13  and  14  respectively)  was 


used  to  determine  the  rating  mix  of  controllers  for  yielding  a minimum  weight 
system.  The  length  of  the  power  wiring  from  SSPC  to  the  load  was  assumed 
constant  (10  feet)  for  all  loads.  Since  the  weight  of  an  SSPC  varies  little 
for  controllers  raced  10  amperes  or  below  (see  MIL- P-8165  3 detail  specification 
sheets),  the  major  weight  contributor  of  significant  variation  is  the  electrical 
harness  wires.  The  weight  analysis  therefore  attempts  to  minimize  harness 
weight  by  varying  the  number  of  controller  types  and  the  trip  ratings.  Shown 
in  Table  4 are  the  calculated  harenss  weights  for  eight  SSPC  mix  options.  These 
weights  are  then  summarized  and  normalized  in  Table  5.  Figure  24  is  a plot  of 
the  normalized  harness  weights  for  the  various  numbers  of  SSPC  ratings.  As 
shown  in  the  figure,  there  is  only  a 5 percent  difference  between  the  lowest 
weight  3 rating  mix  and  the  4 rating  mix.  Due  to  this  small  difference,  option 
5 (10  amp/ 5 amp/1  amp)  appears  to  be  the  best  (weight  wise)  controller  rating 
mix  for  the  A-7  type  aircraft. 

(2)  Multi-channel  SSPC 

Controller  rating  mix  is  not  critical  for  multichannel  SSPC's  if  it 
is  assumed  that  programmable  trip  ratings  are  used.  It  should  be  noted  that 
without  programmable  trip  levels,  multichannel  SSPC  feasibility  from  cost, 
weight  and  space  criteria  is  unknown.  Sufficient  analysis  is  lacking  to 
determine  multichannel  configuration  and  performance  constraints  for  aircraft 
installation  feasibility. 

Since  the  trip  level  will  likely  be  programmed  by  a binary  code, 
the  number  of  trip  levels  available  will  be  2n.  With  these  choices  2,  - or 
8 trip  levels  are  reasonable  (based  on  1,  2 or  3 external  code  lines  per 
channel).  However,  two  levels  are  really  not  sufficient  to  minimize  harness 
weight  (see  Figure  24)  and  eight  levels  add  more  complexity  than  may  be 
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TABLE  4 (Continued) 


TABLE  5 

NORMALIZED  HARNESS  WEIGHT  FOR  SSPC  RATING  MIX 


NO.  OF 

RATINGS 

4 

(10/ 5/2/.  5) 

3 

(10/5/2) 

2 

(10/5) 

2 

(10/2) 

3 

(10/5/1) 

1 

(10) 

3 

(10/2/0.5) 

3 

(10/2/1) 

WEIGHT 


13.26 

14.08 

20.70 

16.83 
13.97 

33.83 
16.01 


WEIGHT 

NORMALIZED  TO 
OPTION  1 


14.00 


1.06 


NORMALIZED  WEIGHT  OF  WIRE  HARNESSES 


12  3 4 5 

No.  of  Racings 


FIGURE  24: 


NORMALIZED  HARNESS  WEIGHT  VS  NUMBER  OF  SSPC  RATINGS* 
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necessary.  The  eight  levels  would  however,  allow  selecting  a rating  level 
to  correspond  to  each  wire  gauge  current  capacity  (ref.  Table  3).  If  the 
ratings  are  programmed  by  hardwiring  codes,  8 levels  would  require  3 codes 
lines/channel  or  48  lines  for  a 16  channel  module.  This  is  an  excessive  number 
of  lines  to  interface  for  field  programming.  If  however,  the  ratings  are 
programmed  by  loading  a non-destructive  programmable  memory  in  the  module, 
then  the  number  of  ratings  would  be  determined  by  limitations  other  than 
module/aircraft  interface  restrictions. 

Table  6 summarizes  possible  SSPC  trip  level  ratings  for  single  and 
multiple  channel  SSPCs.  These  ratings  were  selected  based  on  rating  options 
shown  in  Figure  24  and  on  the  number  of  trip  levels  discussed  above.  The 
ratings  for  a programmable  single  channel  SSPC  would  be  the  same  as  the  hard- 
wire coded  multichannel  SSPC  since  field  memory  loading  of  single  channel 
SSPCs  is  not  practical  (access  to  memory  bus  would  be  required). 

2.2.2  Load  Starting  Current  Characteristics 

On  the  A-7  aircraft,  there  are  three  basic  load  categories  which 
produce  current  surges  significantly  greater  than  the  steady  state  current 
demand.  These  categories  (lamps,  motors  and  transformers)  are  discussed  in 
the  text  below.  An  additional  load  category  is  firing  conventional  electro- 
explosive devices  (EED) . The  EED  generally  has  an  uncontrolled  impedance 
during  ignition,  however  the  ignition  process  usually  requires  less  than  10 
milliseconds.  Following  EED  explosion,  the  terminal  resistance  may  approach 
zero  ohms  due  to  an  internally  shorted  circuit.  Power  controller  trip  after 
EED  firing  would  however  be  acceptable. 

Lamp,  motor  and  transformer  load  current  peculiarities  are  discussed 
in  the  three  sections  which  follow. 
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TABLE  6 

SSPC  CURRENT  RATINGS 


SINGLE  CHANNEL  SSPC 


MULTIPLE  CHANNEL  SSPC 


NON  PROGRAMMABLE 


PROGRAMMABLE 


HARDWIRE  CODING  MEMORY  LOAD  CODING 


10 


10 


0.5 


10 


0.5 


10 


(Option)  0.5 


(Option)  .20 


2.2. 2.1  Lamps 

The  cheoretical  worst  case  inrush  current  for  tungsten  filament 
lamps  is  limited  to  20  times  (28  times  if  lamp  is  turned  on  at  peak  of  ac 
cvcle)  steady  state  current  by  the  melting  point  of  tungsten  (3655°K). 

Actual  inrush  is  limited  by  impedance  (resistive  ana  inductive)  of  the  lamp 
circuit  and  filament.  The  maximum  inrush  generally  varies  from  8 to  37  times 
the  normal  steady  state  current.  The  duration  of  inrush  varies  with  lamp 
size  (i.e.  , rating).  The  inrush  current  peak  is  generally  reached  within  2 
milliseconds  for  all  lamp  types  typically  used  in  aircraft  applications.  In 
addition,  the  current  tyoically  returns  to  the  steady  state  level  within  20 
to  200  milliseconds. 

2. 2. 2.2  Motors 

The  worst  case  motor  starting  current  or  stall  current  is  determined 
by  the  dc  resistance  of  the  motor  windings.  If  the  motor  is  operated  from  an 
ac  power  source,  the  stall  current  is  also  limited  by  the  motor  reactance.  For 
the  A-7,  the  worst  ac  motor  stall  current  condition  (relative  to  the  normal 
running  current)  occurs  in  the  avionic  bay  fans.  The  locked  rotor  current 
for  these  fans  (115  volt,  400  Hz,  3 phase)  is  approximately  790  percent  of  the 
normal  running  current  (2.08  amperes/phase).  The  duration  of  this  stall  current 
will  be  indefinite  if  the  motor  should  stall.  The  duration  of  the  inrush 
current  for  motor  starting  is  approximately  0.6  seconds.  In  addition,  these 
motors  are  required  to  continue  operation  after  loss  of  one  power  phase.  When 
operating  from  any  two  of  the  three  phases,  the  running  current  is  approximately 
5.5  amperes/phase  (264%  of  normal  current)  continuously. 

The  worst  case  A-7  dc  motor  current  transient  occurs  in  a rotary 
type  power  inverter.  This  unit  (MS21983-1)  has  a 250  VA  rating  but  the  maximum 
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load  applied  in  the  A-7  application  is  123  VA.  This  load  results  in  continuous 
28  volt  dc  input  current  of  11  amperes  when  the  inverter  is  powered.  However, 
the  starting  current  (or  no  speed  current)  is  determined  by  the  inverter  full 
load  rating.  This  current  was  measured  to  be  112  amperes  peak  (1020%  of  normal 
current)  at  28  volts  and  decavs  to  20  amperes  in  approximated  2 seconds.  If 
the  inverter  is  fully  loaded  (250  VA) , the  peak  current  is  the  same  112  amperes, 
but  is  only  430  percent  of  the  steady  state  input  current.  The  current  delay 
time  also  increases  under  full  load  conditions  from  2 seconds  to  approximately 
3 seconds. 

2. 2. 2. 3 Transformers 

Transformers  have  long  been  known  as  sources  of  high  inrush  currents. 
The  inrush  currents  are  due  to  driving  a transformer  into  saturation  shortly 
after  turn-on.  Saturation  can  occur  if  the  transformer  is  energized  at  a time 
in  the  voltage  cycle  such  that  the  voltage  change  will  increase  the  residual 
flux  rather  than  decrease  the  flux.  If  the  transformer  goes  into  saturation, 
the  resulting  input  current  will  increase  to  an  upper  value  limited  by  the 
transformer  dc  resistance.  In  400  Hertz  applications,  this  peak  current  will 
last  less  than  1 millisecond  but  will  repeat  every  2.5  milliseconds  as  it 
gradually  decays  to  the  normal  current  value.  The  current  usually  returns  to 
the  normal  level  within  10  milliseconds. 

Analysis  of  data  on  transformers  used  on  the  A-7  indicate  a peak 
saturation  in-rush  current  of  50  to  130  times  the  steady  state  rms  input  current 
for  the  transformer  at  rated  load.  These  transformers  are  step  down  devices  in 
the  40  to  200  VA  rating  range.  Analysis  of  similar  data  on  MIL-T-27  transformers 
of  the  type  used  on  other  military  aircraft  indicate  a peak  saturation  in-rush 
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current  of  34  to  370  times  the  steady  state  rms  input  current.  These  transformers 
are  rated  at  .05  to  60  VA.  The  ratio  of  inrush  to  steady  state  current  is 
determined  more  by  the  output  voltage  regulation  requirement  of  the  transformer 
than  by  the  transformer  rating  for  large  transformers  (50  VA  or  greater).  In 
addition,  small  transformers  (below  10  VA)  will  often  have  high  in-rush  current 
ratios  (i.e.,  above  100)  not  due  to  voltage  regulation  requirements,  but  due 
to  the  relatively  low  input  impedance  of  a transformer  winding  when  compared 
to  the  high  impedance  secondary  load. 

The  transformer  in-rush  current  should  not  cause  a load  compatibility 
problem  if  current  limiting  is  incorporated  into  the  SSPC.  Reduction  of  the  in- 
rush current  by  incorporating  zero  voltage  turn-on  and  zero  current  turn-off 
into  the  SSPC  only  reduces  the  in-rush  current  by  a factor  dependent  on  the 
phase  angle  between  the  transformer  primary  voltage  and  current.  This  phase 
angle  is  determined  by  the  phase  angle  of  the  secondary  load  and  by  the  trans- 


former losses. 


3.0 


SSPC  CONFIGURATION  TRADE  AND  ASSOCIATED  COST  IMPLICATIONS 


Several  aspects  of  tie  SSPC  configuration  significantly  impact 
the  aircraft  electrical  system  life  cycle  cost.  These  configuration  aspects 
include : 

o The  SSPC/EMUX  electrical  interface 

o The  SSPC  termination  method 

o The  installed  weight  of  the  SSPC  including  the  SMUX  interface 
o The  SSPC  control/termination  reliability  and  maintainability 
Each  of  these  configuration  variables  are  discussed  in  the  following  sections. 
It  is  noted  that  the  "quantitative"  discussions  on  cost  are  based  on  A- 7 or 
similar  complexity  aircraft.  The  life  cycle  cost  calculations  assume  575 
aircraft  operated  for  10  years  at  35  flight  hours  per  month  per  aircraft  and 

are  based  on  electrical  system  cost  sensitivities  developed  for  the  A- 7 ALOFT 
2 

program. 

3.1  SSPC/EMUX  Interface 

Various  interface  types  have  been  proposed  in  previous  studies  for 
the  SSPC  to  EMUX  interconnection.  These  interfaces  can  be  divided  into  four 
basic  catagories: 

(1)  A dedicated  wire  interface  per  control/aonitor  function  for 
each  SSPC  channel 

(2)  A two  ’wire  multifunction  interface  for  each  SSPC  channel 

(3)  A serial  data  channel  interface  for  nuiticnanr.el  SSPC  module 
(!*)  Integration  of  multichannel  SSPC  into  the  EMUX  terminal. 

Each  interface  type  is  discussed  in  the  following  paragraphs.  Additional 
rational  concerning  requirements  and  comparisons  of  SSPC  input/output  signal 
interface  requirements  is  discussed  in  Paragraph  !*.0. 
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3.1.1 


Dedicated  Wire  Interface 


One  approach  to  implementing  the  SSPC/EMUX  interface  requires  a 
dedicated  wire  between  the  SSPC  and  EMUX  terminal  for  each  SSPC  control  or 
monitor  function.  The  number  of  functions  can  typically  vary  from  two  to  five. 
These  functions , in  sequence  of  decreasing- priority  are: 

(a)  On/Off  control  input 

(b)  Trip  output 

(c)  Status  output 

(d)  Lockout  input 
and  (e)  Reset  input. 

Most  SSPC  configurations  of  recent  years  have  eliminated  the  reset 
input  since  this  function  can  easily  be  accomplished  by  cycling  the  on/off 
control  input.  For  this  reason,  the  reset  interface  function  will  also  be 
dropped  in  this  study. 

The  lockout  interface  function  has  been  proposed  in  the  past  to 
provide  some  degree  of  redundancy  in  the  control  of  the  SSPC  "on"  state  (or 
in  some  cases  to  provide  a "hardwired"  AND  function) . Serious  consideration 
should  be  given  to  the  predominate  failure  modes  of  the  power  controller  and 
EMUX  system  when  evaluating  the  effectiveness  of  lockout  derived  redundancy. 
Additionally,  it  is  believed  that  most  cognizant  agencies  will  be  very  slow 
in  approving  lockout  as  a technique  for  achieving  fail  safe  redundancy  in  cri- 
tical aircraft  systems  (e.g. , squib  fired  devices,  nuclear  weapon  control/ 
release,  landing  gear  retraction,  etc.).  For  this  reason,  the  value  of 
providing  lockout  in  SSPC's  is  marginal  at  best,  especially  when  considering 
the  desire  to  minimize  controller  complexity. 

The  next  three  interface  functions  (on/off  control,  status,  and 
trip)  are  closely  interrelated.  Obviously  on/off  control  input  is  required. 
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Also,  the  status  output  is  desired  to  monitor  the  health  of  the  electrical 
system.  Past  studies  have  proven  the  significant  advantages  of  automated 
self  test  on  the  maintainability  (and  hence,  the  life  cycle  cost)  of  complex 
aircraft  systems.  The  status  output  from  each  SSPC  is  the  first  (and 
possibly  most  significant)  step  in  achieving  self  test  for  electrical  systems. 
For  this  reason,  the  SSPC  should  have,  as  a minimum,  a control  input  and  status 
output . 

The  trip  output  provides  extra  information  which  refines  the  know- 
ledge on  SSPC  circuit  status.  Some  of  this  gained  knowledge  could  be  derived 
by  EMUX  processor  logic  manipulation  of  available  SSPC  control  and  status 
data.  This,  however,  places  an  added  burden  on  the  processor  (time  and 
memory  for  calculating  trip  status  of  each  power  controller).  In  addition, 
derivation  of  the  trip  state  in  the  processor  through  use  of  control  and 
status  data  could  result  in  two  major  errors: 

(a)  Indicate  a trip  condition  when  the  failure  is  actually 
caused  by  intermittent  or  continuous  opens  or  shorts  in 
interconnecting  wires  or  associated  components. 

(b)  Greater  uncertainty  as  to  actual  controller  trip  or  failure 
status. 

For  the  above  reasons,  incorporation  of  the  trip  output  into  the  controller 
is  the  desired  approach.  A major  reason  that  trip  output  is  occasionally 
deleted  in  the  aircraft  system  implementation  results  from  its  impact  on 
EMUX  terminal  channel  quantities.  For  each  monitor/control  function 
included  in  the  SSPC/EMUX  interface  of  the  dedicated  wire  approach,  one 
EMUX  terminal  channel  is  required.  If,  for  example,  the  A-7  requires 
approximately  400  power  controllers,  the  difference  in  terminal  channel 
requirements  between  a control/status  interface  (300  channels)  and  a 
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control/status /trip  interface  (1200  channels)  is  400  channels.  This  difference 
is  equivalent  to  over  six  additional  64  channel  EMUX  terminals.  Likewise, 
adding  the  status  monitor  function  requires  an  additional  six  EMUX  terminals. 

It  can  be  seen,  therefore,  that  a major  problem  with  the  dedicated  wire  inter- 
face approach  lies  in  its  impact  on  EMUX  channel  terminal  requirements. 

An  additional  problem  of  the  dedicated  wire  approach  results  from 
wire  harness  complexity.  If  it  is  assumed  that  the  average  wire  length  within 
a Load  Management  Center  is  two  feet  and  that  24  gauge  wire  (e.g.,  M22759/ 
17-24)  is  used,  the  control/status/trip  interface  will  require  approximately 
0.024  pounds  of  wire  per  SSPC.  The  weight  is  derived  as  follows: 

Wire  WT  = 2 ft  of  if 2b  wire  x 0.00243/? /ft  x 5 wires 

Wire  WT  = 0.0243  pounds 

The  five  wires  is  based  on  each  SSPC  having  a control,  a status,  a 
trip  and  two  signal  return  wires  (one  return  required  for  control  and  one 
return  for  status/trip  monitor  functions  based  on  the  president  set  by  the 
3-1  application).  The  total  harness  weight  will  include  wire  weight  plus 
connector  weight.  Ignoring,  for  the  present,  the  termination  technique  at 
the  SSPC,  the  weight  of  connectors  at  the  EMUX  terminal  is  approximately: 

CONN  WT  = 5 contact  sets /SSPC  x 0.033  lbs /contact  set 

coira  wt  = 0.165  ftf SSPC 

The  weight  for  each  contact  set  was  derived  from  MIL-C-38999 
high  density  connector  (MS27466E23  and  MS27467E23)  weight  data.  The  total 
harness  weight  is  approximately  0.189  pounds/SSPC  (0.024  pounds  of  wire  plus 
0.1650  pounds  of  connectors).  For  400  SSPCs  (approximate  A- 7 quantity 
required),  the  interface  harness  weight  is  75.6  pounds.  Eliminating  the 
trip  monitor  function  reduces  the  weight  to  60.5  pounds  (75.6  lbs/5  wires  x 
4 wires),  i.e.,  a twenty  percent  reduction.  Eliminating  all  monitor 
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functions  (or  use  of  the  two  wire  control  system)  yields  an  interface  harness 
weight  of  30. 2b  pounds  (75.6  L3S/5  wire  x 2 wires). 

The  total  weight  impact  of  the  interface  includes  the  2MUX  terminal 
weight  penalty  as  well  as  harness  weight.  Since  the  terminal  channels  and 
associated  wire  interface  for  implementing  the  on/off  control  is  required  for 
all  SSPC's,  this  hardware  weight  will  be  used  as  the  baseline  weight.  This 
baseline  weight  is  approximately  30. 24  pounds  for  ^00  SSPC  harness  interfaces 
plus  20.32  pounds  for  EMUX  terminals  (3.2  L3S/63  channels  x -00  channels)  for 
a total  of  50.56  pounds.  Table  7 compares  the  baseline  weight  to  system 
weights  using  control/status  and  control/status /trip  interfaces. 


TABLE  7 

CONTROL  SIGNAL  INTERFACE  WEIGHT  COMPARISONS 


Approach 

Harness 

Weight  (Lb) 
Terminal 

Total 

Normalized  Wt 
(Total) 

On/Off  Control  Only 

30.2 

20.3 

50.5 

1.00 

(Baseline )* 

Control/Status 

60.5 

U0.6 

101.1 

2.00 

Control /Status /Trip 

75.6 

60.9 

136.5 

2.70 

* No  Built-In-Test 

Capability 

As  can  be  seen,  a significant  weight  penalty  is  imposed  on  the  aircraft 
electrical  system  by  the  type  of  dedicated  wire  interface  selected.  These 
weights  are  used  in  paragraphs  3.1.2  and  3.5  for  comparing  costs  of  various 
interfaces. 

3.1.2  Two  Wire  Multifunction  Interface 

3y  replacing  the  bi-level  signal  characteristics  used  in  the  dedi- 
cated wire  interface  discussed  above  with  a "five"  state  signal,  more 
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information  can  be  transferred  over  a single  signal  interface  wire  set.  Figure 
25  illustrates  the  signal  level  definitions  for  a multi-level  signal  interface. 
The  signal  interface  is  implemented  by  the  EMUX  terminal  sending  a constant 
current  signal  to  the  SSPC.  The  voltage  (or  impedance)  reflected  back  to  the 
terminal  by  the  SSPC  indicates  the  state  of  the  controller.  This  technique 
also  provides  an  exclusive  voltage  or  impedance  level  for  opened  or  shorted 
interface  wires.  The  EMUX  terminal  therefore  receives  data  on  the  state  of 
the  controller  as  well  as  the  state  of  the  wire  interface,  thus,  yielding 
an  expanded  BIT  capability.  3esides  expanding  the  built-in-test  coverage, 
the  system  weight  is  comparable  to  the  baseline  dedicated  wire  system  of 
3.1.1  above  (i.e.,  50.5  pounds  for  LOO  SSPCs ) which  had  no  self  test  capability. 
Likewise,  the  two  wire  multi-level  interface  yields  a 63  percent  lighter 
interface  than  the  full-up  dedicated  wire  interface  having  a degree  of  self 
test.  If  tiie  choice  of  interfaces  is  only  between  a dedicated  wire  vs  two-wire 
multilevel  interface,  the  weight  advantages  indicate  preference  for  the  two 
wire  interface.  Based  on  the  life  cycle  cost  sensitivity  to  weight 
(7.83  x 10^  $/Lb)  for  the  A-7,^  the  total  cost  difference  between  the  full- 

up  dedicated  wire  interface  and  the  two  wire  interface  is  67.338  million 
dollars  for  675  aircraft  operated  for  10  years. 

It  should  also  be  noted  that  each  aircraft  with  the  two  wire 
interface  has  1200  less  wires  (for  L00  SSPC's)  and  associated  terminations 
than  the  5 wire  dedicated  interface.  The  resulting  reduction  in  wire/termi- 
nation count  yields  an  improvement  in  system  reliability,  and  hence,  maintenance 
cost  and  also  installation  costs. 

3.1.3  Serial  Data  Channel  Interface 

If  multichannel  controllers  are  developed,  consideration  should  be 
given  to  implementing  the  SSPC/EMUX  interface  with  a serial  data  channel. 
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Two  data  channels  (required  for  minimizing  impact  of  single  failures)  can  be 
justified  where  a sufficient  number  of  power  output  channels  are  installed 
in  one  SSPC  nodule.  The  quantity  of  channels  required  to  justify  the  dual 
serial  data  lines  must  be  determined  by  further  study.  It  should  be  noted 
that  system  performance  improvements  may  result  from  implementing  tne  data 
line  with  a fiber  optic  cable  in  lieu  of  a twisted  shielded  wire  pair. 

3.1. ^ Multichannel  SSPC  Integrated  Into  EI4UX  Terminal 

As  a longer  term  development  goad,  consideration  should  be  given  to 
integrating  multichannel  SSPCs  into  the  EMUX  terminal.  Potential  advantages 
of  this  approach  include: 

o Reduction  of  SSPC/EMUX  interface  to  intrabox  connections 

o Elimination  of  buffer  circuitry  at  terminal  and  SSPC 

p 

o Integration  of  SSPC  I t processing  and  control  circuitry 
into  EMUX  terminal  processor 

o Integration  of  SSPC  power  supply  into  EMUX  terminal  power 
supply 

o Reduction  of  "Load  Management  Center"  size  and  weight  by 
EMUX  terminal  and  SSPCs  sharing  common  housing  and  through 
wider  use  of  LSI  technology. 

o Higher  density  packaging  may  Justify  (simplify)  use  of  more 
efficient  cooling  techniques. 

o Improvement  of  system  reliability  due  to  reduced  component 
and  termination  counts  and  possible  lower  component 
temperatures . 

o Programmable  selection  of  SSPC  current  ratings 

Potential  disadvantages  of  terminal  integrated  power  controllers 
which  should  be  studied  include: 


- 


340 


o 


Logistic  costs  of  tailoring  (and  stocking)  custom  multichannel 
SSPC  output  modules  for  installation  into  the  EMUX  terminals. 
(This  will  be  minimized  if  channel  current  rating  can  be  pro- 
grammed) . 

o Maintenance  impact  of  single  SSPC  output  failure  (must  replace 
entire  multichannel  SSPC  module) 

o EMLJX  location  is  dedicated  to  the  LMC  area  (this  may  be  an 
advantage  or  disadvantage). 

It  should  be  noted  that  the  first  disadvantage  listed  could  be  neutralized 
with  the  development  of  power  controllers  with  programmable  trip  levels . It 
should  also  be  noted  that  the  second  item  listed  is  only  a disadvantage  if  the 
replacement  cost  of  a multichannel  integrated  SSPC  module  is  higher  than  a 
non-integrated  module. 

3.2  SSPC  Termination  Technique 

The  optimum  method  for  terminating  power  controllers  depends  on 
several  application  factors: 

(a)  SSPC  module  channel  capacity  - i.e.,  single  vs  multichannel 

(b ) SSPC  expected  failure  rate , and 

(c)  SSPC  installation  environment 

The  module  channel  capacity  will  influence  the  termination 
density.  High  termination  densities  complicate  hardware  replacement  if 
termination  interface  must  be  reworked  on  an  individual  contract  or  termina- 
tion basis  (as  opposed  to  a plug-on  type).  High  termination  density  require- 
ments restrict  interconnection  types  to  variations  of  plug-in  techniques 
(e.g. , pc  board  plug-in,  crimp  contact  insertion,  etc.). 

A paramount  factor  which  must  be  observed  when  selecting  tne 
termination  method  for  the  SSPC,  is  to  not  compromise  the  overall  reliability 

341 


1 


of  the  installed  controller  in  order  to  facilitate  its  removal  for  maintenance 
actions  (especially  vhen  the  SSPC  JfTBF  is  sufficiently  high  that  the  probability 
for  needing  a maintenance  action  is  minimal).  With  projected  failure  rates 


for  single  channel  SSPCs  in  the  3 to  4 failures  per  million  hour  range, 
the  termination  system  selected  can  become  a significant  contributor  to  total 
SSPC  failure  rate.  For  example,  MIL-HD3K-217B  projections  of  the  failure 
rate  for  a 5 contact  environmental  connector  (e.g.,  MIL-STD-IU59  Common  Termi- 
nation  System)  indicates  a failure  rate  of  0.504  failures /10D  hours.*  This 


increases  the  basic  SSPC  failure  rate  by  12  to  17  percent.  In  contrast,  a 
screw  lug  termination  (crimp  joint)  system  for  five  contacts  yields  a failure 
rate  of  0.0365  failures/10D  hours  (MIL-HDBK-217  page  2.13-2  = 5 x .0073f/106 
hr  = 0.0365).  The  screw  lug  termination  only  increases  the  single  channel 
SSPC  failure  rate  by  0.9  to  1.2  percent. 

The  SSPC  installation  environment  signifiantly  impacts  the  termi- 
nation selection.  If  the  power  controllers  are  to  be  installed  within  an 
environmentally  sealed  enclosure,  environmental  protection  requirements  at 
the  SSPC  terminations  would  be  minimal . Such  termination  techniques  as 
board  plug-in  or  wire  wrap  would  be  feasible  in  these  sealed  enclosures. 

The  sealed  enclosure  concept  is  only  practical,  however,  for  multichannel 
SSPCs  integrated  into  an  EMUX  terminal.  Enclosure  volume  and  requirements  for 
maintenance  access  will  complicate  sealing  provisions  for  SSPCs  which  are 
externally  mounted.  For  installation  flexibility,  SSPCs  mounted  outside  EMUX 
terminals  should  be  designed  to  include  self  contained  sealing  provision  or 
facilitate  simple  sealing  methods. 

*^3  7'.4(  l>e  x r>p  ) ♦ N?s.  t (Reference  MIL-HDBK-217B,  sect  2.11) 

= 0.0266659  (10  x 1.87)  + 5 x .0011 
= 0.50U1522/106  hours 
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A study  was  conducted  to  evaluate  three  physical  aspects  of  the 
MIL-P-8l653  single  channel  solid  state  power  controllers.  The  physical 
aspects  evaluated  are: 


(1)  electrical  terminations  to  controller 

(2)  mounting  provisions 

(3)  installation  details 

The  study  was  based  on  the  A-7  aircraft.  All  installtion  parameters  were 
centered  around  specific  locations  in  this  aircraft. 

The  power  controller  locations  in  the  aircraft  are  dictated  by 
the  loads  which  they  serve.  The  shortest  possible  wire  run  between  the  con- 
troller and  the  load  is  a very  important  factor  in  the  installation  of  the 
power  controllers.  The  limited  volume  and  shape  of  the  available  space  in 
the  areas  where  the  controllers  must  be  located  dictate  that  they  be  installed 
in  a manner  which  will  allow  the  most  efficient  use  of  this  volume.  The  use 
of  circuit  card  approach  to  installing  controllers  does  not  lend  itself  to 
the  shape  of  this  available  volume.  Therefore,  the  controllers  must  be 
configured  to  permit  their  installation  in  a more  conventional  manner.  To 
this  end,  six  controller  termination  configurations  were  selected  for  study. 

These  configurations  are  shown  in  Figure  2b  (concept  F is  similar  to  E except 
wire  wrap  post  are  replaced  by  3o  inch  pigtails).  The  following  table 
presents  the  advantages  and  disadvantages  of  each  configuration. 

Table  8 depicts  a decision  matrix  for  single  channel  SSPC  termina-  < 

tion  selection.  The  resulting  termination  concept  assignments  were  scaled 
from  1 (best)  to  10  (worst)  to  emphasize  the  large  separation  between  various 
concept  scores.  (These  are  not  calculated  values.)  The  screw  lug  terminal 
concept  resulted  in  the  lowest  (best)  score  with  a scaling  assignment  of  1. 

The  next  three  best  concepts  (CTS,  pigtails,  and  solder  hooks)  were 
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CONCEPT  C CONCEPT  D CONCEPT  E 

( screw  lug  ) ( CTS  ) ( wire  wrap  ) 


FIGURE  26  ROVER  CONTROLLER  CONFIGURATIONS 
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Rating  points:  1 = most  desirable,  2 = next  best,  etc.  to  5 = least  desirable 


CONCEPT  A (PLUG-IN) 


COMMENT 


ITEM 


Pro 


Easiest  method  of  replacing  controller  (remove  mounting  screws 
and  unplug  controller) 


Pro 


Does  not  require  disturbing  harness  in  any  way  to  replace 
controller 


Pro 

Pro 

Con 

Con 

Con 

Con 

Con 

Con 

Con 


o Permits  clocking  of  controllers  to  insure  installing  proper 
rated  controller  in  mating  socket 

o Eliminates  possibility  of  incurring  wire  errors  when 
performing  maintenance  actions 

o Requires  fabricating  several  close  tolerance  parts  (mounting 
plate,  socket  board  spacers,  etc.) 

o Environmental  seal  required  between  controller  and  socket 
board  (seal  does  not  currently  exist) 

o Connection  subject  to  contamination,  poor  electrical  contact 

o Will  not  permit  bussing  controllers  together  with  bus  bar  thus 
increasing  wiring  on  panel  assembly 

o Contact  area  between  controller  and  heat  sink  reduced  by 
clearance  holes  required  for  pins  and  sockets 

o Vought  has  had  bad  experience  with  plug-in  type  relays  which 
employ  this  type  of  termination 

o Will  not  permit  trouble-shooting  by  probing  terminals  on 
controller 


Con 


o Requires  an  intermediate  connector  on  LMC  to  allow  production 
line  assembly 
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COMMENT 

Pro 

Pro 

Pro 

Pro 

Con 

Con 


Con 

Con 

Con 

Con 

Con 

Con 


o 

o 


CONCEPT  3 (SOLDER  HOOK) 


ITEM 

Good  environmental  and  electrical  protection  (potted  term.) 

Requires  fewer  detail  parts  than  concept  A 

Provides  very  reliable  electrical  termination 

Provides  max  contact  area  between  controller  and  heat  sink 

Does  not  permit  bussing  controllers  together  with  bus  bars 
thus  increasing  wiring  on  panel  assembly,  however,  they  can  be 
jumpered  together  to  reduce  the  quantity  of  wire. 

Difficult  to  replace  failed  controller:  replacement  will 
require:  (l)  removal  of  failed  controller  stub  leads  from 

connector  and  inserting  stub  leads  from  new  controller  into 
connector,  or  (2)  cutting  stub  leads  from  failed  controller 
and  splicing  in  new  controller  without  taking  old  leads  out 
of  connector.  Limited  space  is  available  for  splices. 
Accumulation  of  splices  during  maintenance  action  will 
increase  wiring  congestion  on  panel. 

Not  practical  to  clock  controller  installation  on  base. 

Controller  removal  will  require  some  harness  rework,  cutting 
string-ties  to  remove  stub  leads,  etc. 

Controller  replacement  may  require  removal  of  entire  load 
center  from  airplane  (in  the  case  of  the  avionics  bay  centers, 
LH  and  RH,  this  will  require  adding  a connector  solely  for 
this  purpose) 

Will  not  permit  trouble-shooting  by  probing  terminals  on 
controller 

Will  require  potting  terminals 

Heat  from  soldering  process  could  damage  the  electronics 
inside  controller 
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CONCEPT  C (SCREW-LUG  TERMINALS ) 


COMMENT 


ITEM 


Pro 

Pro 

Pro 

Pro 

Pro 

Pro 


Pro 

Con 


Con 

Con 

Con 


o Requires  fewer  detail  parts  than  concept  A 

o Allows  controllers  to  "be  bussed  together  with  bus  bars  thus 
reducing  amount  of  wiring  on  load  center  assembly 

o Provides  max  contact  area  between  controller  and  heat  sink 

o Provides  very  reliable  electrical  termination 

o Replacement  of  controller  will  not  require  harness  rework 

(no  string  ties  to  cut , no  stub  leads  to  remove  from  aarness , 
etc. ) 

o Will  permit  avionics  bay  load  centers  to  be  built  as  part  of 
the  main  harness  in  the  same  manner  as  the  A7  circuit  breaker 
panels,  that  is,  without  an  intermediate  connector  between 
the  load  center  assy  and  the  main  harness 

o Will  permit  trouble-shooting  by  probing  terminals  on  controile 

o Bus  bars  and  wiring  will  interfere  with  removal  of  controller 
because: 

(1)  might  have  to  remove  bus  bar  from  several  controllers 

(2)  wiring  must  be  carefully  installed  to  prevent  interfering 
with  removal  of  controllers 

o Requires  a crimp  lug  on  each  wire  and  a screw  and  wasner  at 
each  terminal 

o Not  practical  to  clock  controller  installation  on  base 

o Will  be  difficult  to  remove /replace  terminal  nuts  and  wire 
lugs  in  adverse  conditions 


148 


CONCEPT  D ( COMMON  TERMINATION  SYSTEM) 


COMMENT 


ITEM 


Pro 

Pro 

Pro 

Pro 

Con 

Con 

Con 

Con 

Con 

Con 


o Provides  easy  method  of  replacing  controller 

o Provides  max  contact  area  between  controller  and  heat  sink 

o Provides  "environmental”  seal  as  part  of  termination  system 

o Requires  fewer  detail  parts  than  concept  A 

o Will  not  permit  bussing  controllers  together  with  bus  bars 
thus  increasing  amount  of  wire  on  panel  assembly 

o Early  experience  with  this  type  of  terminations  showed  the 

system  to  lack  high  reliability  (i.e.,  additional  development/ 
testing  required) 

o Not  possible  to  clock  controller  installation  on  base 

o Will  not  permit  trouble  shooting  by  probing  terminals 

o No  convenient  way  to  inspect  sockets  for  contamination  prior  to 
mating 

o Provides  poor  electrical  termination 


' 


I 
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CONCEPT  E (WIRE  WRAP) 


COMMENT  ITEM 


Pro  o Provides  very  good  electrical  termination 

Pro  o Requires  fever  detail  parts  than  concept  A 

Pro  o Provides  max  contact  area  between  controller  and  neat  sink 

Con  o Requires  use  of  solid  wire  for  load  center  assy  (In  the  case 

of  the  avionics  bay  load  centers,  it  will  be  necessary  to 
add  an  intermediate  connector  to  change  from  solid  wire  to 
stranded  wire  for  routing  through  the  main  harness) 

Con  o Does  not  permit  bussing  controller  together  with  bus  bars 

thus  increasing  amount  of  wire  on  panel 

Con  o Replacement  of  controller  will  require  some  harness  rework 

(cutting  string  ties,  working  slack  to  post,  etc.) 

Con  o Not  possible  to  clock  controller  installation  on  base 

Con  o Extra  termination  length  is  required  for  each  wire-to-post 

junction  (wire  cannot  be  removed  from  post  and  rewrapped 
without  cutting  off  the  end  of  the  wire  previously  wrapped 
around  the  post ) . This  extra  length  will  increase  the  wiring 
complexity  of  the  panel. 

Con  o Requires  special  tool  to  make  or  remove  connection  at  terminal 

Con  o Requires  environmental  protection  by  potting  or  conformed 

coating 


CONCEPT  F (PIGTAILS) 


COMMENT 

Pro 

Pro 

Pro 

Pro 

Con 

Con 


Con 

Con 

Con 

Con 


ITEM 


o Good  environmental  and  electrical  protection 

o Requires  fewer  detail  parts  than  concept  A 

o Provides  very  reliable  electrical  termination 

o Provides  max  contact  area  between  controller  and  heat  sink 

o Does  not  permit  bussing  controllers  together  with  bus  bars 

thus  increasing  wiring  on  panel  assy 

o Difficult  to  replace  failed  controller:  replacement  will 
require:  (l)  removal  of  failed  controller  stub  leads  from 

connector  and  isnerting  stub  leads  from  new  controller  into 
connector,  or  (2)  cutting  stub  leads  from  failed  controller 
and  splicing  in  new  controller  without  taking  old  leads  out 
of  connector.  Limited  space  is  available  for  splices. 
Accumulation  of  splices  during  maintenance  action  will 
increase  wiring  congestion  on  panel. 

o Not  practical  to  clock  controller  installation  on  base. 

o Controller  removal  will  require  some  harness  rework,  cutting 
string-ties  to  remove  stub  leads,  etc. 

o Controller  replacement  may  require  removal  of  entire  load 

center  from  airplane  (in  the  case  of  the  avionics  bay  centers, 
LH  and  RH,  this  will  require  adding  a connector  solely  for 
this  purpose) 

o Will  not  permit  trouble-shooting  by  probing  terminals  on 
controller 


351 


comparable  in  scores  (l1*,  15  and  IT  respectively).  The  last  two  concepts 
(wire  wrap  and  plug-in)  faired  poorly  due  mainly  to  environmental  protection 
difficulties  and  the  resulting  reliability  impact. 

3.2.1  Termination  Summary 

In  conclusion,  SSPC  termination  selection  can  be  divided  into  the 
following  three  categories: 

(a)  Single  channel  SSPC  modules  should  be  terminated  with 
screw  lug  terminals 

(b)  Multichannel  SSPC  modules  for  external  (of  EMUX  terminal) 
mounting  should  be  terminated  with  CT5  or  pc  board  connector 
techniques  unless  sufficient  space  exists  for  screw  lug  terminals 
(not  likely).  This  results  from  the  reduced  reliability  of  the 
multichannel  assembly  which  will  necessitate  ease  of  removal  for 
maintenance  purposes. 

(c)  Multichannel  SSPC  modules  for  installation  within  EMUX 
terminals  should  be  terminated  with  plug-in  or  pc  board 
connector  techniques  for  the  same  reason  discussed  for  the 
multichannel  controller  concept. 

3.3  SSPC  Installation  Weight  Factors 

The  installed  weight  of  a power  controller  includes,  in  addition  to 
the  SSPC  weight,  the  weight  of: 

(a)  allocated  fraction  of  enclosure 

(b)  allocated  fraction  of  heat  sink 

(c)  wire  harness  to  EMUX  terminal 

(d)  allocated  channels  of  EMUX  terminal 

(e)  allocated  weight  of  redundant  processor  memory. 
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Table  9 depicts  these  contributing  weiguts  for  5SPC  installation  in 
the  A- 7 aircraft.  As  shown  in  the  table,  most  weight  contribution  is  from 
the  enclosure,  heat  sink  and  SSPC  module.  Since  most  of  the  SSPC's  36.46  percent 
weight  contribution  is  imposed  by  the  dedicated  SSPC  case,  significant  weignt 
reduction  might  be  possible  by  removing  the  case  and  moutning  the  internal 
electronics  directly  on  a common  pc  board  or  module  assembly  with  several  other 
SSPCs.  The  result  is  a multichannel  SSPC  which  may  be  constrained  by  the 
following  potential  problems: 

o Impact  of  single  mode  failures  within  multichannel  SSPC  module 
o Impact  on  maintainability  and  logistic  costs  of  replacing 
an  entire  multichannel  module  when  only  one  channel  fails 
o Space  and  weight  penalties  for  less  than  100  percent 
utilization  of  all  installed  SSPC  channels 
o The  feasibility  of  providing  programmable  trip  levels. 

The  influence  of  these  potential  problem  areas  should  be  studied 
when  establishing  feasibility  and  payoff  of  a multichannel  SSPC  approach. 

Likewise,  by  integrating  the  SSPC  into  the  SMUX  terminal,  the 
potential  advantages  outlined  in  paragraph  3.1.4  above  could  yield  significant 
weight  savings.  In  Table  10  are  tabulated  estimated  weight  projections  for 
various  SSPC  configurations.  These  weights  are  based  on  gross  engineering 
estimates  using  the  single  channel  SSPC  module  installation  weight  factors  of 
Table  9.  As  shown  in  Table  10,  potential  weight  savings  for  an  A-7  complexity 
aircraft  could  be  as  high  as  57.2  and  110.4  pounds  for  multichannel  non-inte- 
grated  and  multichannel  integrated  SSPCs.  Using  the  previously  quoted  cost/ 
weight  sensitivity  of  7.63  x lO'*  $/Lb,  a weapon  system  life  cycle  cost 
saving  of  44.8  million  to  86.4  million  dollars  may  be  achievable.  The 
significant  point  to  be  made  is  that  potential  cost  savings  warrant  further 
investigation. 
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S3 PC  WEIGHT  ( INCLUDING  LMC  INSTALLATION  IMPACT)  LBS/CTLR 


20  Uo  6o  80  100  iao 


NUMBER  OF  CONTROLLERS  IN  LMC 
FIGURE  2?  5SPC  WEIGHT  VS  LMC  CONTROLLER  QUANTITY 
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I 

3.1*  SSPC  Reliability/Maintainability  Cost  Impact 

Life  cycle  cost  sensitivity  to  electrical  system  MTBF  deltas 
for  the  A-7  are  documented  in  appendix  3 of  Reference  2.  These  delta  costs 
were  based  on  an  estimated  electrical  system  MTBF  (a  factor  of  maintenance 
rate)  of  60  hours. 

This  60  hour  MT3F  is  close  (60.6  hours  actual)  for  the  conventional 
A-7  aircraft  electrical  system.  An  A-7  electrical  system  implemented  witn 
EJIUX  and  SSPCs , however,  has  a significantly  improved  MTBF  (136.2  hours  versus 
60.6  hours).  This  higher  system  MTBF  means  that  the  total  aircraft  MT3F 
(approximately  0.9  hours)  is  influenced  less  by  an  EMUX  electrical  system 
than  by  a conventional  system.  Based  on  the  final  variation  in  total  air- 


craft MTBF,  the  change  in  maintenance  related  life  cycle  costs  over  the  life 
of  the  aircraft  varies  less  than  1 million  dollars  as  the  single  channel 
SSPC  reliability  is  changed  from  2.0  to  5.0  failures  per  million  hours. 

More  significant  cost  penalties  may  accrue  as  a result  of  mission  effective- 
ness related  costs. 

In  previous  analyses  of  SSPC  reliability,  the  significant  driver 
on  reliability  was  the  ambient  temperature.  While  judicious  component 
selection  and  derating  by  the  SSPC  manufacturer  is  necessary,  control  of 
device  junction  temperatures  will  be  in  the  hands  of  the  airframe  manu- 
facturer, at  least  until  integration  of  the  SSPC  into  EMUX  terminals  occurs. 
In  light  of  this  factor,  the  SSPC  manufacturers  should  package  the  controller 
to  permit  simple,  efficient  heat  transfer  from  the  power  switching  transistor 
to  the  outside  environment. 

3.5  SSPC  Configuration  Trade  Summary 

In  conclusion,  SSPC  configuration  definition  can  be  divided  into 
three  options.  The  first  configuration  is  a single  output  channel  3SFC 
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nodule  with  two  wire  BIT  SSPC/EMUX  interface.  The  SSPC  provides  terminal 

lug  termiantions  as  illustrated  in  Figure  26  for  Concept  C. 

The  second  configuration  option  consists  of  a multichannel  output 

SSPC  module  with  either  a two  wire  BIT  EMUX  interface  or  a redundant  serial 

digital  interface.  The  module  termination  should  either  be  pc  board  pins  or 

CTS  with  consideration  given  to  screw  lug  terminals  for  input  power  bussing. 

The  modules  should  incorporate  field  programmable  trip  ratings. 

The  third  configuration  option  consists  of  a multichannel  output 

SSPC  module  with  a direct  digital  interface  to  EMUX  terminal  circuitry.  This 

module  would  likely  be  in  a pc  board  configuration  and  would  be  an  integral 

part  of  the  EMUX  terminal.  Trip  levels  of  each  output  channel  should  be 

2 

field  programmable  for  reduced  logistics  cost.  SSPC  power  supply  and  I t 
circuitry  can  possibly  be  shared  with  the  parent  terminal  thereby  relegating 
only  the  power  switch  and  associated  voltage/current  sensors  to  the  SSPC 
plug-in  module. 
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SSPC  SIGNAL  INTERFACE  CRITERIA 


4.0 

Questions  often  arise  as  to  the  need  or  validity  for  the  various 
input /output  controls  needed  for  SSPCs.  The  following  paragraphs  provide  a 
summary  discussion  and  rational  concerning  the  various  input/output  controls 
and  types  often  requested  for  SSPCs.  Signal  controls  discussed  include  the 
isolated  control  input,  trip  output,  status  output  and  the  lockout  input. 

The  two-wire  BIT  interface  is  also  discussed.  Additionally,  rational  for 
the  Normally  Closed  (N.C.)  SPPC  and  the  DC  power  output  from  an  AC  source 
are  summarized. 

4.1  Input-Output  Signal  Interface 

Following  is  a summary  of  the  input-output  signal  control  require- 
ments for  SSPCs . 

(l)  Isolated  Input  Control 

The  need  for  isolated  input  control  is  determined  by  the 
application.  If  the  power  controller  is  used  in  an  electrical  system 
consisting  of  a single  power  source,  then  isolation  is  not  required.  This 
assumes  the  "control"  power  source  is  the  same  as  the  "load"  power  source. 
Schematically,  this  is  shown  in  Figure  28.  Most  aircraft  have  two  power 
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FIGURE  28  SINGLE  POWER  SOURCE  FOR  POWER  AND  CONTROL 
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sources,  i.e.,  28VDC  and  115VAC.  In  conventional  electrical  systems,  28VDC 
is  used  for  "control"  power.  Obviously,  it  is  desirable  that  tne  2&VDC  supply 
be  isolated  from  the  115VAC  supply.  In  the  AAES  (Advanced  Aircraft  Electrical 
System),  the  control  power  will  be  provided  from  power  supplies  contained 
within  "black  boxes",  i.e.,  the  E.MUX  multiplex/ demultiplex  terminals.  To 
prevent  EMI  problems  and  possible  equipment  damage,  it  is  necessary  that  the 
power  controller  control  circuit  be  isolated  from  the  power  circuit  as  shown 
in  Figure  29. 
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FIGURE  29  ISOLATED  SSPC  CONTROL  CIRCUIT 

(2)  Isolated  Trip  Output 

The  same  rational  applies  for  the  isolated  trip  output  as 
discussed  for  the  isolated  control  input. 

( 3)  Isolated  Status  Output 

The  same  rational  applies  for  tne  isolated  status  output  as 
discussed  for  the  isolated  control  input. 
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Lockout  input  is  useful  in  some  applications  but  this  function 


can  be  easily  generated  external  to  the  controller.  It  is  not  necessary  to 
include  this  function  within  the  controller  which  is  a general  usage  device. 

( 5 ) Two-Wire  BIT  Interface 

For  system  operation,  ground  support  and  maintenance  reasons, 
it  is  desirable  to  have  the  following  control  circuit  functions: 
o On/Off  control 

o Trip  indication 

o Reset  capability 

o Controller  and  power  circuit  fault  indication 
o Control  circuit  fault  indication. 

In  addition  to  the  above  information,  it  is  desirable  to  minimize 
the  number  of  wires  between  the  controller  and  the  control  electronics 
(DEMUX  terminals).  All  these  requirements  are  best  met  with  the  2-wire  BIT 
system  developed  by  the  IJavy.'’  This  system  provides  ON/OFF  control,  trip 
indication,  reset  capability,  control  circuit  fault  indication  (circuit 
opens  and  shorts)  and  power  controller  fault  indication  all  on  a common 
2-wire  circuit.  A 10.0  milliarapere  constant  current  source  is  used  to 
accomplish  the  status  indication  but  this  is  considered  to  be  a minor 
requirement  from  a "black  box"  design  viewpoint.  To  further  reduce  the  number 
of  wires  between  the  Demux  terminal  and  the  controllers,  several  controllers 
can  often  share  2 common  return,  (e.g.,  four  wires  required  to  control  three 
controllers)  depending  on  the  application,  installation,  the  EMI/EMP 
environment,  and  the  signal/noise  margin  required  for  the  system  control. 
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Normally  Open/Normally  Closed  SSPC  Option 

The  basic  MIL-P-81653  controllers  are  normally  open  (H.O.)  devices. 


i 


FIGURE  30  N.  C.  FUNCTION  USING  II.  0.  SSPC 

This  adds  complexity  to  the  system  since  dedicated  control  wiring  must  be 
provided.  The  N.  C.  function  can  be  simulated  with  the  EMUX  Demux  terminal 
but  this  function  is  lost  should  a Demux  failure  occur.  AN.  C.  power 
controller  is  desirable  for  two  reasons.  First,  it  is  desirable  to  have 
some  loads  powered  on  in  the  event  of  a Demux  or  Emux  system  failure  and, 
second,  it  permits  simplification  and  reduction  of  control  wiring  necessary 
to  "start-up"  the  EMUX  system. 

It  is  always  desirable  to  have  some  high  priority  loads  ON  indepen- 
dent of  the  EMUX  system.  For  example,  if  both  processors  of  a redundant 
system  should  become  inoperative,  it  is  desirable  to  have  high  priority  loads 
such  as  the  communication  system  operational.  At  the  same  time,  it  is 
desirable  to  have  the  capability  to  power  down  these  same  loads  with  an 
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EMUX  system  for  power  management  purposes.  A N.C.  power  controller  will 
provide  this  capability  where  25,  a n.O.  device  will  not.  One  simple 
arrangement  for  accomplishing  this  feature  is  shown  in  Figure  31.  The  Demux 


Powc  R,  BOS 


FIGURE  31  TYPICAL  REQUIREMENT  FOR  N.  C.  SSPC 

terminals  have  redundant  power  supplies.  If  a momentary  overload  or  fault 
on  one  power  circuit  causes  a controller  to  trip,  a reset  command  signal  can 
still  be  provided.  3oth  controllers  would  have  to  trip  to  cause  complete 
loss  of  the  terminal.  This  arrangement,  however,  does  not  allow  the  removal 
of  the  terminal  from  the  power  bus,  i.e.,  the  terminal  cannot  power  itself 
down.  In  most  applications,  it  is  desirable  that  all  terminals  be  powered 
whenever  the  power  bus  is  energized.  Where  power  management  is  a system 
requirement , i.e-,  use  of  the  SSPC  to  isolate  the  terminal  from  the  power 
is , a daisy  chain  arrangement  shown  in  Figure  32  can  be  used.  Still  another 
irrv.*“r.ent  is  to  have  one  terminal  dedicated  as  a "master  terminal"  for 
• - the  remaining  terminals.  The  master  terminal  will  require  a 

. ■ f control  wiring  for  the  SSPC  (control/trip  reset)  which 

• w»r  t the  master  terminal. 
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During  system  "start-up",  the  EtlUX  system  can  be  automatically 


energized  through  a II.  C.  controller  whenever  the  power  bus  is  energized.  A 
tripped  H.  C.  controller  can  be  reset  from  one  or  more  of  the  remaining 
operational  Demux  terminals . 

!*.  3 DC  Power  Output  SSPC 

DC  power  output  from  am  AC  controller  has  a limited  application. 
Most  existing  aircraft  have  AC  and  DC  power  sources.  DC  power  requirements 
are  generally  about  10%  of  the  AC  power  requirements  and  is  obtained  by 
converting  the  AC  power  to  DC  power  via  a static  transformer/rectifier 
(T/R)  unit.  It  should  be  noted  that  the  standard  28VDC  power  provided  by  a 
T/R  unit  is  electrically  isolated  from  the  AC  source.  This  is  not  true  for 
DC  power  obtained  via  an  AC  controller  as  shown  in  Figure  33. 


& C f/i-  v>  <->  s 
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FIGURE  33  AC  SSPC  PROVIDING  DC  OUTPUT 
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The  DC  load  must  have  a "floating"  ground  return,  i.e.,  the 
aircraft  structure  cannot  be  used  as  a return.  Also,  the  DC  load  will  be  in 
series  with  the  AC  load  unless  the  two  circuits  are  separated.  The  ripple 
content  on  the  DC  power  limits  its  usage  to  very  few  load  types. 
h.U  SSPC  Control  Circuit  Recommendations 

It  is  recommended  that  the  control  input  have  the  following 

features : 

o Complete  electrical  isolation  between  the  control  and  power 
circuit.  The  isolation  should  consist  of  1500  volts 
minimum  with  a leakage  current  not  to  exceed  1.0  mi Hi ampere . 

o Control  power  requirements  should  be  a minimum  and  should 
not  exceed  100  milliwatts . 

o The  number  of  control  wires  should  be  held  to  a minimum. 

The  2-wire  3IT  concept  which  provides  a multiplicity  of  data 
on  a single  circuit  is  recommended. 

o It  is  recommended  that  the  N.  C.  controller  as  well  as  the 
H.  0.  controller  be  provided. 

o The  option  of  providing  DC  power  from  an  AC  controller  is 
not  recommended. 

o The  lock-out  feature  is  not  recommended. 
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5.0  POWER  BUS  ANALYSIS 

Military  Standard  Specifications  for  generators  require  the 
generator  to  deliver  a minimum  of  300  percent  of  rated  load  current  into  a 
single  phase,  two  phase,  and  three  phase  line-to-line  and  line-to-neutrai 
short  circuits  for  5 seconds.  In  actuality,  the  generators  will  deliver  over 
1200  percent  rated  load  current  for  several  cycles . Tests  conducted  at  Vought 
on  a 25  KVA  generator  showed  fault  currents  of  52^  amperes  peak  (370  amperes 
RMS)  during  the  first  one-half  cycle  after  the  fault  was  applied.  The  fault 
current  increased  to  629  amperes  peak  (UU5A  RMS)  before  the  circuit  breaker 
tripped  (590  milliseconds  after  the  fault  was  applied).  The  test  circuit 
is  shown  in  Figure  31*.  The  test  results  are  shown  in  Figure  35.  Minimal 
loads  were  operating  from  the  bus  at  the  time  the  fault  was  applied.  Tests 
were  not  made  with  varying  loads  connected  to  the  bus  to  determine  the 
impact  these  loads  would  have  on  the  fault  current.  However,  it  is  felt 
these  loads  will  have  minimal  impact  on  the  fault  current  during  the  first 
half  cycle  primarily  because  the  loads  are  transformer  (power  supply)  loads. 

5.1  Fault  Current  Calculation  Method 

A method  for  calculating  fault  currents  is  presented  in  ARP  1199 

"Aircraft  Recommended  Practices  for  the  Selection,  Application  and  Inspection 
of  Electric  Overcurrent  Protective  Devices"  dated  October  1971.  This 
document  was  prepared  by  SAE  Sub-committee  A-2A  ARP  Task  Force.  Following  is 
taken  from  that  document: 

"Due  to  the  resistance  and  reactance  which  is  prevalent  in  all 
electrical  circuits,  fault  currents  are  found  to  be  asymmetrical  in  actual 
practice.  A typical  short-circuit  current  is  composed  of  a symmetrical  com- 
ponent and  a d.c.  transient  component.  The  sum  of  these  two  components 
results  in  an  asymmetrical  waveform. 
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FIGURE  35  APPLICATION  OF  AC  FAULT  CURRENT  THROUGH  A 35  j 
CIRCUIT  BREAKER  (FAULT  APPLIED  AT  THE  CIRCUIT 


The  d.c.  transient  component  is  momentary  and  usually  dies  out 
after  the  first  few  cycles.  This  component  depends  upon  the  reactance  and 
resistance  of  the  total  circuit  with  a pure  reactive  circuit  providing  the 
maximum  asymmetrical  current  and  a totally  resistive  circuit  resulting  in  no 
asymmetry  (zero  d.c.  transient  component). 

In  the  calculations  that  follow,  the  symmetrical  short-circuit 
current  will  be  determined  using  a conservative  approach.  Where  protective 
devices  are  given  a momentary  (asymmetrical)  rating  as  well  as  a symmetrical 
rating,  a more  detailed  fault  calculation  may  be  required. 

1.  The  problem  of  fault  current  is  actually  two  fold  as  under  no 
circumstances  will  the  fault  current  exceed  what  is  available  from  the 
vehicle  generating  systems.  If  the  capacity  of  this  sytem  is  known,  a figure 
for  maximum  available  fault  current  may  be  computed.  First,  one  must  calculate 
maximum  rated  current.  This  is  done  for  a single  phase  of  grounded  neutral, 
wye  connected  power  system  (such  as  presently  almost  universally  used  in 
aircraft)  as  follows: 

Let  E = Rated  line  to  neutral  voltage  (volts) 

(VA)  = Power  system  capacity  in  volt-amps. 

Ir  = Rated  line  to  neutral  current  (amps.) 

Then,  I = (VA)  asms.  (1) 

r 3E 

To  determine  the  fault  current , the  internal  impedance  of  the  generator 
regulator  system  must  also  be  known.  This  is  usually  expressed  in  terms  of 
percent  of  capacity.  For  most  typical  uOO  hertz  generators,  this  value  is 
seldom  less  than  8/5.  (It  is  recommended  that  the  generator  manufacturer 
be  consulted  for  nameplate  impedance.)  Then,  to  compute  maximum  fault  current, 
I , one  may  consider  that: 


370 


If'm  * I_  * I-  = 12.5  I 12) 

I in  r r r 

B7  oToS 

Equation  (2)  may  be  substituted  in  Equation  (l)  to  obtain: 

Ifm  3 12-5  VA  (3) 

3E 

2.  Example : 

Consider  a 60  KVA,  115/200  volt  ^00  cycle  system.  What  is 

the  approximate  value  of  I ? 

fm 

From  eauation  (3).  I_  = C 12 . 5 ) (60.000)  = 2170  amperes  (^) 

fm  (3)  ^1157 

This  states  that  2170  amperes  is  the  maximum  current  which  can  be  made  to  flow 
with  a bolted  fault  at  the  generator  terminals. 

3.  Once  1^  has  been  determined,  the  fault  current  on  a load 
feeder  line  may  be  considered. 


We  must  next  determine  means  for  computing  Rp,  Rf  and  Rco  as  follows: 

R = r L (6) 

p vp  P 

Where  r is  the  resistance  in  ohms  per  foot  of  the  primary  feeder  wire, 
wp  

Table  11  lists  these  values  for  various  wire  sizes  used  in  aircraft. 
Also,  Rf  = rwf  Lf  (7) 

Where  r is  the  ohms  per  foot  resistance  of  the  load  feeder  wire  from 

wf  ■ - ■ ■ — 


Table  11. 


R depends  upon  the  circuit  breaker  rating, 
cb 

Rcb  = 4- 


Where  V is  the  typical  voltage  drop  for  the  particular  breaker  rating  and  I 
is  the  rated  current.  Table  12  gives  values  for  V for  a typical  thermally 
excited  aircraft  circuit  breaker,  MS  22073. 

Then,  in  terms  of  the  values  taken  from  Tables  11  and  12,  equation 
(6)  and  (7)  may  be  substituted  into  Liquation  (5)  as  follows: 


rwp  Lp  + rwf  Lf  + R=b 
U.  Example 

Consider  a 60  KVA,  3 0,  115/200  volt,  100  Hz  electric  power  system 
using  a 20  foot  3*2  Awg.  (l3G  amps)  primary  feeder.  What  fault  current  can 
be  obtained  at  a location  7 feet  from  a 5-amp  circuit  breaker  protecting  a 
,3*1 3 Awg  conductor? 

Solution: 


A.  Compute  maximum  available  fault  current  (I_). 
From  Equation  (3), 


= (12.5)  (oO.OOO: 


= 2170  amps , 
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B.  Compute  current  available  at  the  fault  (If ) . 
From  Equation  (9), 


as 


as 


that  E 


r,™  L + r _ L_  + R . 
wp  p wf  f cb 


From  Table  I, 

r = 0.l6  x 10  oiims/foot  for  if  2 Awg.,  and, 

L =20  feet , then , 

P 


r L = (20)  (.16)  (10“3)  = 3.2  x 10~3  ohms. 

wp  p 

Likewise,  from  Table  11 

r . = 6.6  x 10“3  ohms/foot  for  #18  Awg. , and, 

L = 7 feet 


rwf  Lf  = (6.6)  (7)  (10~3)  = 46.2  x 10”  3 onms. 

Finally,  from  Table  12,  for  a 5-amp.  circuit  breaker, 
Rcb  = .05  = 50  x 10*3  ohms 

These  values  may  now  be  substituted  into  Equation  (9) 
115  volts)  as  follows: 


(remembering 


If  - 115 

(3.2  + 46.2  + 50)  x 10-3 

or  If  = 115,000 

99.4 

or  Ij  = ll6o  Am-ps 

as  1^  is  less  than  1^,  the  fault  current  will  be  equal  to  If. 

5.  The  above  procedures  and  examples  will  result  in  good  conserva- 
tive values  of  I . As  the  400  Hz  reactance  of  all  wiring  is  neglected,  the 
computed  values  of  If  will  be  slightly  higher  than  what  will  occur  in 
practice." 
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TABLE  11  TABLE  12  (MS  22073) 

WIRE  RESISTANCE  CIRCUIT  BREAKER  MAXIMUM 

VOLTAGE  DROP 


ASW 

WIRE 

SIZE 

RESISTANCE 
MILLIOHMS / FT . 

RATING 

I 

r 

VOLT  "DROP 

V 

26 

42.4 

1 

1.100 

24 

26.6 

2 

.700 

22 

16.8 

3 

.330 

20 

10.5 

4 

.300 

18 

6.6 

5 

.250 

16 

4.2 

7.5 

.200 

14 

2.6 

10 

.150 

12 

1.6 

15 

0.100 

10 

1.03 

20 

0.100 

8 

0.65 

25 

0.100 

6 

0.41 

4 

0.26 

2 

0.16 

1/0 

0.13 

2/0 

0.08 

4/0 

0.05 
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5.2  SSPC/Power  Bus  Interface  Recommendations 

It  is  difficult  to  characterize  the  aircraft  AC  bus  Decause  of 
varying  generator  ratings,  generator  manufacturers,  feeder  lengths  and  sizes 
and  equipment  connected  to  that  bus.  In  any  event,  the  power  controller 
should  be  designed  to  operate  from  an  "infinitely  stiff"  bus,  i.e.,  no 
limitations  should  be  imposed  on  fault  currents.  This  should  be  done  so  as 
not  to  restrict  the  power  controller  to  a specific  application.  For  example, 
the  F-lU  has  two  90  KVA  generators , it  is  reasonable  to  expect  fault  currents 
of  2600  amperes  from  a single  generator.  If  the  generators  are  operating  in 
parallel  (as  was  the  case  with  the  31  system),  much  higher  fault  currents  can 
be  expected. 

It  should  be  noted  that  the  VSCF  (Variable  Speed  Constant  Fre- 
quency) system,  currently  being  used  on  the  F-l8,  has  the  capability  to 
"current  limit"  the  fault  current  to  a much  lower  value.  The  military 
standard  specification  allows  current  limiting  to  take  place  above  300 
percent  rated  current. 

The  ideal  power  controller  should  employ  current  limiting  which 
will  make  the  device  compatible  with  any  power  source  (bus)  rating.  The 
current  limiting  can  be  either  an  "Inverse  Time/Current"  type  or  "300 
percent  rated  current"  type.  Each  type  has  advantages  and  disadvantages. 
Vought  prefers  the  300  percent  rated  current  type  because  less  transients 
are  generated,  it  is  compatible  with  all  aircraft  load3,  and  it  provides 
excellent  wire  protection.  The  Inverse  Time/C urrent  device  may  be  less 
expensive  to  produce  but  may  not  be  compatible  with  incandescent  type  loads 
(nuisance  trips)  unless  the  controller  current  rating  is  higher  than  the 
load  rating  which  may  dictate  a next  larger  wire  size. 
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6.0 


SS?C  SAFETY  CONSIDERATIONS 


Man  is  very  sensitive  to  electric  shock.  Even  though  minute 
shocks  can  be  considered  objectionable  rather  than  harmful,  they  must  be 
taken  seriously  since  harm,  can  be  caused  from  man's  reaction  to  the  shock. 

It  is  generally  accepted  that  the  threshold  of  perception  is  1.0 
milliampere  at  60  Hz  commercial  power.  The  accepted  maximum  harmless 
current  is  5.0  mi lli amperes.  The  maximum  current  at  which  a person  is  still 
capable  of  releasing  a conductor  is  called  "let-go'1  current  and  is  typically 
between  10  and  20  milliamperes . Currents  only  slightly  in  excess  of  the 
"let-go"  value  will  cause  a person  to  "freeze"  to  the  conductor.  Such 
currents  are  painful,  frightening,  hard  to  endure  and  are  considered 
dangerous.  The  effects  of  60  Hertz  current  on  the  average  adult  male  is 

given  in  Figure  36.  These  values  can  be  increased  approximately  20  percent 

for  a U00  Hertz  aircraft  power  system. 

6.1  SSPC  Safety  Implications 

From  a power  controller  design  standpoint,  the  1.0  milliampere 
(threshold  of  perception)  should  be  considered  as  the  maximum  value  since 
harm  can  result  from  man's  reaction  to  the  perception,  i.e.,  bruised  knuckles, 
elbows,  etc.,  when  working  on  the  airplane. 

A solid  state  power  controller  will  exhibit  a leakage  current  whose 
magnitude  is  a function  of  temperature,  applied  voltage  and  power  controller 
current  rating.  Specification  MIL-P-61653  presently  allows  2.0  milliamperes 
for  AC  controllers  rated  through  10.0  amperes,  500  microamperes  for  DC 
controllers  rated  through  5.0  amperes  and  1.0  milliampere  for  a 10  ampere  DC 
controller.  The  2.0  milliampere  for  AC  controllers  allow  the  use  of  SCRs  for 
the  power  switch.  This  can  be  reduced  to  1.0  milliampere  if  high  quality 
power  transistors  are  used  for  the  power  switch. 
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Circuit  design  techniques  can  he  employed  to  reduce  output  voltage 


and  leakage  current  to  the  load  terminal  as  shown  in  Figure  31* 
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FIGURE  37  LOW  LEAKAGE  DC  SSPC 

Basically,  a clamp  circuit  consisting  of  transistor  resistors  R^,  R2  and 
diodes  CR1,  CR2  is  used  to  clamp  the  output  to  ground  when  the  power  switch 
is  off.  The  current  limiting  action  of  the  clamp  circuit  is  set  for  the 
maximum  leakage  current  of  the  power  switch.  This  will  prevent  the  clamp 
transistor  from  over  dissipation  when  the  power  switch  is  on.  A more 
sophisticated  approach  can  be  employed  which  would  turn  tne  clamp  circuit 
off  when  the  power  switch  is  on  and  vice  versa. 

For  an  AC  switch  (power  controller),  a similar  approach  can  be 
used  as  shown  in  Figure  38.  Power  dissipation  in  Q1  and  will  be  typically 
50  milliwatts  for  a 5.0  ampere  controller  if  power  transistors  (500  max 
leakage)  are  used  for  the  power  switch.  The  dissipation  would  increase  to 
200  milliwatts  if  SCRs  are  used  for  the  power  switch. 

The  presence  of  leakage  current  has  caused  some  problems  in  the 
area  of  pyrotechnic  maintenance  and  loading  philosophy.  Maintenance  and 
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pw/e  Bus 


FIGURE  38  LOW  LEAKAGE  AC  SSPC 

armament  personnel  have  been  reluctant  to  connect  armament  hardware  to 
terminals  having  a presence  of  voltage.  Generally,  hign  impedance  type 
meters  are  used  to  monitor  the  terminal  which  will  show  the  presence  of  28 
and  115  volts  even  though  the  voltage  source  is  from  a hign  impedance  device 
such  as  a power  controller.  The  leakage  current  is  not  a hazard  problem 
since  most  electro  explosive  devices  are  1.0  ampere,  1.0  watt  devices  and 
will  not  fire  below  1.0  amperes.  From  a logistics  viewpoint,  the  output 
voltage  should  be  clamped  below  1.0  volt.  It  is  noted  that  several  existing 
EED  Maintenance  Test  Specifications  require  the  load  voltage  to  be  below 
50  mv. 

8.2  SSPC  Leakage  Current  Recommendation 

The  maximum  leakage  current  of  the  SSPC  should  not  exceed  1.0 
milliampere.  Ideally,  clamp  circuits  or  equivalent  should  be  used  to  clamp 
the  output  terminal  voltage  below  1.0  volt  (?0  mV  if  compliance  with  existing 

test  specifications  is  desired). 
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7.0  SSPC  THERMAL  CONSIDERATIONS 

From  a user  viewpoint,  the  controller  should  be  capable  of 

operating  at  the  highest  possible  case  temperature.  This  ensures  the 

minimum  volume  of  heat  sink  required.  Also,  the  thermal  resistance  between 

the  controller  mounting  surface  and  heat  sink  surface  should  be  a minimum  to 

o 

further  minimize  the  volume  of  heat  sink  required.  The  120  C case  temperature 
specified  in  MIL-P-81653  is  desirable  but  is  difficult  to  attain  in  view  of 
the  limited  operating  temperature  of  optical  isolators  (typically  -5b°C  to 
100°C).  A more  reasonable  operating  case  temperature  is  30°C  and  100°C  for 
storage.  The  80°C  case  operating  is  acceptable  if  the  power  controller 
dissipation  is  held  to  a minimum.  The  bottom  line,  obviously,  is  to  minimize 
the  volume  of  heat  sink  thereby  minimizing  the  added  weight  and  volume  to  the 
aircraft. 

Temperature  design  requirements  for  equipment  to  be  used  in 
aircraft  are  defined  in  MIL-E-5^00  as  follows: 


Class 

1 

2 

3 

k 


Temperature  Range  £ Sea  Level 
to  55°C 
-5h°c  to  71°C 
-5^°C  to  95°C 
-5^°C  to  125°C 


A controller  designed  to  operate  at  a case  temperature  of  120°C 
(MIL-P-8l653)  will  meet  the  class  3 temperature  requirements.  The  amount  of 
heat  sink  required  is  determined  by  the  case  operating  temperature,  the 
ambient  temperature  and  the  controller  power  dissipation.  Obviously,  the 
controller  with  the  highest  case  operating  temperature  and  lowest  power 
dissipation  will  require  the  least  amount  of  heat  sink.  The  enclosure  (case) 
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for  MIL-P-8i653  AC  controllers  rated  through  10.0  amperes  (1.8  in  ) has  a 

thermal  impedance  from  the  case  to  ambient  of  approximately  2.0°  C/W. 

The  5.0  ampere  controller  has  a dissipation  of  8.5  watts  which  means  the 

o 

controller  can  operate  in  an  ambient  temperature  of  approximately  100  C with 
no  additional  heat  sink  required. 

The  thermal  resistance  between  the  controller  mounting  surface  and 
the  heat  sink  should  be  as  low  as  possible.  How  best  to  define  the  requirement 
has  been  the  subject  of  several  SAE-A2K  meetings.  From  a user  viewpoint,  the 
requirements  specified  in  MIL-P-8lo53  are  acceptable. 

7.1  Thermal  Trip 

Power  controllers  are  protective  devices  with  reset  capability. 
Therefore,  it  is  possible  to  continually  reset  the  device  into  an  overload. 

To  prevent  possible  damage  to  the  controller,  a temperature  sensing  circuit 
should  be  included  within  the  controller.  The  over  temperature  trip  limit 
should  be  set  at  a temperature  above  the  rated  case  temperature  and  below 
the  maximum  Junction  temperature  rating  of  the  power  switch  (SCR  or  power 
transistor)  or  other  internal  components  which  may  have  a temperature 
rating. 
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8.0 


SUMMARY 


Data  and  information  provided  in  this  report  is  in  response  to 
and  in  accordance  with  specific  data  items  required  by  Telephonies  Statement 
of  Work  459A604,  Phase  I of  the  Advanced  Solid  State  Power  Controller 
Development  program.  The  report  documents  typical  design  data  and  requirements 
for  EMUX  and  SSPC  installations  for  fighter-attack  aircraft  based  on  the 
A-7D  systems.  The  report  provides  a summary  of  design  requirements  as 
reflected  by  aircraft  loads  for  start-up  and  continuous  operation.  The 
report  provides  trade  data  and  information  concerning  the  SSPC  configuration, 
termination  techniques  and  requirements,  thermal  design  factors,  safety 
considerations,  and  cost  implications  of  the  SSPC  as  related  to  military 
aircraft  applications. 


9.0  BIBLIOGRAPHY 


Perkins,  J.  R.  , Marek,  A.  J. , Tumage,  W.  T. , "Power  Controller 
Breadboard  and  Development  Requirements",  Report  2-57110/4R-3195 , 
Vought  Corporation,  March  1975. 

Uhlhom,  R.  W.,  et  al,  "A-7  ALOFT  Economic  Analysis",  Final  Report 
on  Contract  N00123-76-C-0324,  McDonnell  Aircraft  Company, 

November  1976. 

Perkins,  J.  R. , et  al,  "Advanced  Aircraft  Electrical  System 
(AAES)  A-7E  Prototype  Design",  Final  Report  No.  NADC  76193-30, 
Vought  Corporation,  August  1977. 

Isham,  Robert,  et  al,"DC  Power  Controller  with  BIT",  RCA 
Corporation,  dated  8 August  1975.  Contract  Number 
N62269-72-C-0642. 

Perkins,  J.  R. , Heinzman,  H.  W. , and  Tumage,  W.  T. , "Update  of 
the  Data  Handling  System,  Studies  and  Consultation",  Report 
No.  2-5 7110 /3R- 3083 , Vought  Corporation,  April  1973. 

Air  Force  Systems  Command  Design  Handbook,  AFSC  DH1-6  DN4E1 
dated  20  Jlly  1969,  Chapter  4,  Section  4E,  Aerospace  Ground 
and  Ancillary  Equipment. 


383 


oU.S.Oov*rnm*nt  Printing  011lc«:  1978-657-002/292 


